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Abstract 
 
     The use of structural fiber-reinforced polymeric composites and epoxy adhesives in 
aircraft, ships, vehicles, and wind turbine blades has increased markedly in the past 
decades. However, the polymeric matrix in these composites and adhesives typically 
consists of a brittle thermoset, which results in poor resistance to crack initiation and 
growth. Inspired by living systems, self-healing polymers are designed to autonomically 
repair damage whenever and wherever it occurs, thus providing a means to significantly 
extend the service life and reliability of polymeric structural elements. A variety of 
applications of the capsule-based self-healing motif have been demonstrated over the past 
decade. However, the limitations of available capsule-based self-healing systems, 
including catalyst stability and availability, cost, environmental toxicity, and difficulties 
in materials processing, have limited applications in low-temperature cured polymer 
matrices.  
     Initially, self-healing epoxy adhesives were developed using a proven healing system - 
encapsulated dicyclopentadiene (DCPD) monomer and Grubbs’ first generation catalyst 
particles. Both quasi-static fracture and fatigue performance of a self-healing non-
toughened epoxy adhesive were evaluated using the width-tapered-double-cantilever-
beam (WTDCB) specimen geometry. The same healing system was then incorporated 
into a commercial high temperature cured rubber toughened epoxy adhesive, FM®73M. 
The addition of 117 µm average diameter microcapsules into ca. 750 µm thick rubber-
toughened adhesives was shown to reduce the virgin fracture toughness, with this 
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reduction increasing with microcapsule concentration.  This reduction in virgin toughness 
was traced to localization of the fracture plane to the center of the adhesive where the 
capsules were relegated and a reduction in damage zone size. Improved methods of 
integration led to more uniform dispersion of microcapsules and retention of virgin 
toughness. 
     Due to limitations of chemical and thermal compatibility of the DCPD/Grubbs’ 
catalyst healing system, a dual-capsule self-healing system using amine-epoxy chemistry 
was then developed. One capsule contains the epoxy monomer while the other contains a 
reactive amine curing agent. Amine microcapsules were prepared by vacuum infiltration 
of the target amine into hollow polymeric microcapsules. Epoxy microcapsules were 
prepared by an in situ polymerization method. Both types of capsules were incorporated 
into an epoxy matrix and recovery of mode-I fracture toughness was measured using 
tapered-double-cantilever-beam (TDCB) specimens. Good healing performance was 
obtained in room temperature cured epoxy using EPON 815C epoxy monomer and 
EPIKURE 3274, an aliphatic polyamine. However, this system proved unstable at high 
temperature (121 °C) and healing performance was dramatically reduced under high 
temperature curing conditions. Improved thermal stability was obtained by encapsulating 
EPON 813 epoxy monomer using a double shell wall encapsulation method and 
EPIKURE 3233 (polyoxypropylenetriamine). For this system, high healing efficiencies 
were retained for 121 150, and 177 °C curing conditions. 
      Finally, a two part PDMS-based healing chemistry with high temperature stability 
was incorporated in a woven glass/epoxy fiber-reinforced composite and cured at 121 ºC.  
The healing system is comprised of one set of microcapsules containing silanol end-
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functionalized poly(dimethyl siloxane) and a crosslinking agent, poly(diethoxysilane), 
and a second set containing dibutyltin dilaurate catalyst in the solvent hexyl acetate. The 
effects of microcapsules on self-healing and mechanical properties including short beam 
strength, tension and compression strength/modulus were investigated. Self-healing of 
mechanical damage was assessed through the use of a pressure cell apparatus to detect 
nitrogen flow through a damaged composite.  Complete self-healing was achieved when 
35 µm diameter microcapsules at a loading of 7.5 wt% were added to the matrix.   
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Chapter 1  
Introduction 
 
1.1. Motivation 
 
     The use of structural fiber-reinforced polymeric composites and epoxy adhesives in 
the fabrication of aircraft, ships, wind turbine blades, and vehicles has been increasing 
markedly in the past decades. Fiber-reinforced polymeric composites have been widely 
used for these applications as they provide advantageous mechanical properties, e.g. high 
specific strength and stiffness. Epoxy adhesive bonding reduces weight and complexity in 
the fabrication of many structural components, most notably in the aerospace industry. 
For example, sandwich panels formed by adhesively bonding composite skin panels to a 
low density (e.g. honeycomb) core yield structural panels with exceptional specific 
stiffness [1]. Adhesive bonding is also the primary method for the repair of structural 
composites via scarf and doubler repairs [2]. Recently, composite doubler repairs have 
also been extended to aluminum and steel components [3] where a boron-epoxy 
composite doubler patch is applied to the metal surface using an epoxy adhesive film. 
The composite doubler and the adhesive film are co-cured to effectively create a 
composite patch spanning the substrate crack. These patches extend the lifetime of the 
parent structure and eliminate or postpone the need for costly repairs.  
     However, the polymeric matrix of fiber-reinforced composite materials and structural 
adhesives typically consists of a brittle thermoset, such as epoxy. Non-toughened epoxies 
have poor resistance to crack initiation and growth and are flaw sensitive. Multiple modes 
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of damage have been observed in these materials, including transverse matrix cracks and 
delamination in composites, and debonding for adhesives (Figure 1.1). Inspired by living 
systems, self-healing polymers [4, 5] are designed to autonomically repair damage 
whenever and wherever it occurs, thus providing a means to significantly extend the 
service life and reliability of polymeric structural composites. Although a variety of self-
healing polymers have been reported [5-10], their application and performance as 
adhesives for structural bonding remains unexplored. Thin epoxy structural adhesive 
films are commonly used in aerospace and automotive industries for bonding metallic 
and composite substrates. They are also critical for composite laminate repairs of 
aluminum aerospace structures [2]. During the repair process, a composite patch 
(doubler) is attached to the damaged aluminum skin using an epoxy adhesive film. 
Failure of the repair is most commonly a result of adhesive debonding and can be 
difficult to detect using nondestructive techniques. Composite doubler repair has also 
been recently adapted to steel structures [3] in which a boron-epoxy composite doubler 
patch is co-cured with an epoxy based adhesive film to form a bonded repair. Unmodified 
epoxy adhesives are brittle and offer poor resistance to crack formation and propagation. 
Commercial epoxy adhesives are engineered for optimal toughness by incorporating 
phase-separated thermoplastics [11-13], rubber particles [14-17], or rigid inorganic 
particles [16, 18-27]. Typically, they are cured at elevated temperature to increase 
strength and activate chemical bonding at the substrate/adhesive interface.   
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Figure 1.1. Examples of failure modes in composites and adhesives. (a) Transverse matrix cracks and (b) 
delamination in fiber-reinforced composite materials (Images adopted from [28]). (c) Debonding of an 
adhesive (Image adopted from [29]).  
 
1.2. Self-Healing Materials 
     Several unique conceptual approaches to self-healing have been explored over the past 
several years, as illustrated in Figure 1.2 [5]. In the first concept, microcapsules 
containing a reactive chemical species are incorporated into the native polymer matrix 
and upon crack damage release their contents and undergo a healing reaction [4, 30-38]. 
In the second scheme, a vascular network is embedded within the matrix and serves as a 
reservoir for healing agent(s) for sequestration and distribution throughout the polymer 
matrix [39-42]. The third approach utilizes inherently reversible bonding in the matrix 
polymer to affect healing via thermally reversible reactions [43-49] or reformation of 
hydrogen bonds [50, 51]. 
 
Figure 1.2. Schematics of three self-healing approaches (a) capsule-based, (b) vascular, and (c) intrinsic 
methods (Images reprinted from Blaiszik et al. [5] with permission from Annual Reviews). 
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1.2.1. Microcapsule Approach 
     Self-healing materials using the microcapsules were initially achieved by 
incorporating a microencapsulated low molecular weight monomer (dicyclopentadiene, 
DCPD) and a solid phase chemical catalyst, bis(tricyclohexylphosphine)benzylidine 
ruthenium (IV) dichloride (Grubbs’ first generation catalyst), within an epoxy matrix, as 
shown in Figure 1.3a [4]. Fracture of the epoxy matrix ruptured the microcapsules 
releasing the DCPD monomer into the crack plane. Upon contact with the catalyst, 
polymerization of the monomer occurred rebonding the crack faces and restoring 
mechanical integrity. Epoxy containing 10 wt.% DCPD microcapsules (ca. 200 !m) and 
2.5 wt.% Grubbs’ catalyst yielded up to 75% recovery of virgin fracture toughness [4]. 
However, the curing agent used in the epoxy, diethylenetriamine (DETA), destructively 
deactivates Grubbs' catalyst as the epoxy initially cures, and this destruction reduces the 
amount of catalyst available for healing [30]. Thus, several modifications of the system 
or methods of protecting the catalyst were investigated, including incorporation into wax 
microspheres and polymer encapsulation [28, 52], catalyst morphology modifications 
[53], the use of an alternative metathesis catalyst (tungsten hexachloride (WCl6) catalyst) 
[34, 54] and utilizing an alternative matrix material (epoxy vinyl ester) [55]. More 
recently, Coope et al. demonstrated healing using encapsulated epoxy resin and 
scandium(III) triflate catalyst particles [56]. Heating at 80 ºC for 48 hours, yielded 80% 
recovery of virgin fracture strength. 
     Self-healing using a dual-microcapsule system has been also explored. Systems 
include PDMS/dibutyltin dilaurate (DBTL) catalyst [31], PDMS/dimethyldineodecanoate 
tin (DMDNT) catalyst [37, 57], PDMS/Pt catalyst [32], epoxy/mercaptan [35], and 
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epoxy/boron trifluoride diethyl etherate ((C2H5)2O"BF3) [36]. In the dual-microcapsule 
scheme, as illustrated in Figure 1.3b, both monomer and crosslinker are encapsulated or 
phase separated in the matrix. Upon crack propagation, both healing agents are liberated, 
where upon mixing and polymerization leads to healing of the crack. In Cho et al.’s work 
[31], a mixture of polydimethylsiloxane (PDMS) and polydiethoxysiloxane (PDES) was 
phase-separated as droplets suspended in an epoxy vinyl ester matrix, while the catalyst 
(dibutyltin dilaurate (DBTL) dissolved in chlorobenzene) was encapsulated and dispersed 
in the matrix. Due to weak bonding of the healed material to the epoxy matrix, a low 
recovery of fracture toughness was demonstrated. Later, this PDMS healing chemistry 
was adopted to achieve a self-healing polymer coating via successful encapsulation of a 
mixture of PDMS and PDES along with the catalyst dimethyldineodecanoate tin 
(DMDNT) [57]. Mangun et al. extended this work to bulk epoxy and demonstrated 52% 
healing of virgin fracture toughness with the aid of an adhesion promoter [37]. Keller et 
al. reported 70-100% autonomic recovery of the tear strength of an elastomer using 
encapsulated PDMS monomer and a platinum (Pt) catalyst [32]. Encapsulation of the 
epoxy and its curing agents has been of particular insterest since it provides a repair 
system that is chemically and mechanically compatible with the host epoxy matrix. 
Preparations of microcapsules containing epoxy resins have been reported by several 
groups [58-62]. Microencapsulation of the epoxy hardener has been attempted with only 
modest success [35, 36, 63-65]. Indeed, preparation of capsules containing a liquid amine 
is very difficult. Recently, McIlroy et al. reported a scheme for the encapsulation of 
diethylenetriamine (DETA) via interfacial polymerization using diisocyanate to create a 
cross-linked polymer shell around an amine-containing core [63]. However, the healing 
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capability of these amine capsules was limited by the resulting high viscosity of the core 
material. 
     Self-healing via a single microcapsule healing system utilizing latent functionality has 
also attracted increasing research interest [33, 66-71]. In these systems, a 
microencapsulated healing agent interacts with residual reactive functionality in the host 
polymer matrix. For example, Caruso et al. reported solvent-promoted self-healing and 
demonstrated full recovery of fracture toughness [33, 66]. The epoxy matrix is swollen 
by solvent delivered from ruptured microcapsules, which frees residual amine groups to 
initiate further cross-linking. However, this healing mechanism requires chain mobility 
within an undercured epoxy matrix, which is a significant limitation for its application in 
structural composites, which are fully cured at elevated temperatures. 
Figure 1.3. Microcapsule-based self-healing approaches. (a) Single capsule (monomer) system with 
catalyst particles (Image reprinted from White et al. [4], with permission from Macmilan Publishers Ltd: 
Nature). (b) Dual-capsule system in which both the monomer and crosslinker are encapsulated. (c) Single 
capsule system using latent functionality of the matrix to achieve healing. (Image reprinted from Caruso et 
al. [33], with permission from John Wiley and Sons).  
 
     A variety of applications of the capsule-based self-healing motif have been 
demonstrated over the past decade (Figure 1.4). These include epoxies [4, 30, 33, 34, 36, 
37, 52, 66, 72-77], PDMS [32, 57, 78], vinyl ester [31, 55, 79], thermoplastics (including 
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polystyrene, poly(methyl methacrylate) (PMMA) and PMMA bone cement) [80-84], 
polyurethane/arylic paints [67], and sol-gels [70], as well as fiber-reinforced epoxy 
composites [28, 85-87], and interfacial healing of single fibers and epoxy [88]. Recently, 
the self-healing motif has been extended into novel areas, such as the restoration of 
electrical conductivity [6, 8, 10] and optical properties [7, 9]. For example, Blaiszik et al. 
demonstrated autonomic recovery of electrical conductivity in a broken conductive 
pathway, using microencapsulated eutectic gallium-indium (Ga-In) liquid metal [6].  
Jackson et al. [7] reported a self-healing approach for optically transparent 
polymethylmethacrylate (PMMA) based on a plasticizer-induced solvent welding system 
using dibutylphthalate (DBP) filled urea-formaldehyde microcapsules. 
     Currently, most of the applications of self-healing have been limited to low 
temperature cured polymers and composite materials [5]. For high performance structural 
polymer composites, processing requirements dictate that a self-healing system must 
survive elevated temperatures (121-177 °C) for several hours. Moreover, achieving 
successful self-healing in large-scale structural polymer composites requires chemistries 
that are robust, cost-effective, environmentally stable, and provide high healing 
efficiency. Most existing self-healing systems utilize healing chemistries that are 
different from the host epoxy matrix and are relegated to low temperature curing [5]. 
Encapsulation of epoxy and its hardener, however, provides a self-healing epoxy in 
which the sequestered healing agents are of the same chemical structure as the matrix. 
Adhesion of the healing materials to the matrix would be optimal and recovery of 
mechanical properties would be maximized. The preparation of microcapsules containing 
epoxy resins has been reported by several groups [58-62]. Microencapsulation of 
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hardener for epoxy has been attempted and has seen some success [35, 36, 63-65]. In 
practice, however, preparation of capsules containing liquid amine-hardener, which 
maintains its reactivity, is very difficult. 
 
Figure 1.4. Illustrations of various applications of capsule-based self-healing systems. (a) Healed fracture 
plane of thermoset using solvent healing chemistry (Image reprinted from Caruso et al. [33] with 
permission from John Wiley and Sons). (b) SEM images of single fibers functionalized with various 
microcapsule area densities (Image reprinted from Blaiszik et al. [88] with permission from John Wiley 
and Sons). (c) Cross-sectional view of self-healing glass fiber-reinforced composites (Image reprinted from 
Kessler et al. [86] with permission from Elsevier). (d) SEM image of healed fracture plane covered by 
healed materials (PDMS) in PDMS matrix (Image reprinted from Keller et al. [32] with permission from 
John Wiley and Sons). (e) Image showing healed scratch in a self-healing polymer coating (Image reprinted 
from Cho et al. [57] with permission from John Wiley and Sons). (f) Schematic of self-healing of electrical 
conductivity using liquid metal capsules. (Image reprinted from Blaiszik et al. [6] with permission from 
John Wiley and Sons). (g) Transmission optical microscopy image of capsules in PMMA. (Image reprinted 
from Jackson et al. [7] with permission from John Wiley and Sons).  
1.2.2. Hollow Fiber and Microvascular Approaches 
Hollow glass fibers (HGFs) (ca. 60 µm) functioning as channels, as shown in Figure 
1.5a, filled with an appropriate healing agent have been employed as an alternative route 
for self-healing in fiber-reinforced composites by Bond and co-workers since 2005 [40, 
89-95]. HGFs are fabricated using existing glass fiber drawing techniques. These fibers 
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are compatible with many standard polymer matrices, and are inert to the popular self-
healing agents such as two-part epoxy resin systems and cyanoacrylates. Moreover, these 
fibers can be integrated into glass and carbon fiber reinforced composites due to their 
similar size and shape. Although this self-healing scheme enjoys a number of advantages 
in terms of practicality, it is restricted to 1D connectivity and requires higher energy to 
break the HGFs and trigger healing in comparison to the microcapsule based systems [91, 
95].  
 
Figure 1.5. Hollow glass fibers embedded in fiber-reinforced composites (Image reprinted from William et 
al. [40], with permission from Elsevier). 
 
A microvacular self-healing system was introduced by Toohey et al. and Hansen et 
al. [39, 41, 96] using a direct-ink writing assembly technique in a brittle epoxy coating. 
The microvacular network is embedded underneath and the monomer or resin (and 
optionally the catalyst or hardener) are protected in three-dimensionally interconnected 
hollow channels. Later, this route was extended to heal internal damage in synthetic 
vascular bulk polymer materials (Figure 1.6a) [42, 97]. The main advantage of 
microvascular self-healing is the ability to heal a large damage volume in a repeatable 
fashion. After the first damage event, the embedded channels still contain excess healing 
! "+!
agent that can polymerize during subsequent damage cycles. Norris et al. [76] recently 
demonstrated more than 96% recovery of post-impact compression strength of fiber-
reinforced composites using a vasculature network created via the “lost wax” process. 
More recently, Esser-Kahn et al. [98] developed sacrificial polymer fibers as an 
alternative method to create a microvascular network in fiber-reinforced composite 
materials (Figure 1.6b). By thermal decomposition of catalyst-impregnated polylactide 
(PLA) fibers that were incorporated into 3D woven glass preforms, hollow channels were 
produced that are high-fidelity inverse replicas of the original PLA fiber’s diameter and 
trajectory. This method makes it possible to fabricate complex and large-scale 
microvascular networks for multi-functional composite structures [99].  
Figure 1.6. Schematics of self-healing based on microvascular approach. (a) Microvascular networks made 
by direct-ink writing a scaffold (Image reprinted from Hansen et al., [97], with permission from John Wiley 
and Sons). (b) Three-dimensional microvascular network by interweaving sacrificial fibers with standard 
composite fibers (Image from Esser-Kahn et al. [98], with permission from John Wiley and Sons). 
 
1.2.3. Intrinsic Healing Approach 
      Another self-healing approach is to incorporate the ability to heal directly into the 
chemical structure of the material - an intrinsic healing system. Materials using such 
systems achieve repair through the inherent reversibility of chemical bonds within the 
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matrix polymer. Main mechanisms include reversible covalent bonds (Figure 1.7a) [43-
49], chain reentanglement (Figure 1.7b) [44, 100, 101], and noncovalent healing 
mechamism (Figure 1.7c), such as supramolecular linkages [102], ionomeric coupling 
[103-106], hydrogen bonding [50, 51, 107], phase change of dispersed, meltable thermo- 
plastic [44, 100, 101, 108], or molecular interdiffusion [109-115].  
     Chen et al. [43, 47] introduced thermally reversible covalent bonding in polymers 
using Diels-Alder chemistry. Upon heating, fractured bonds reform to achieve healing of 
damage. Recently, Burnworth and co-workers [108] demonstrated thermally initiated 
self-healing by dispersing a phase-separated metallo-supramolecular polymer into a 
physically cross-linked polymer network. The metal-complex converts photonic energy 
into localized heat which then melts and reforms physical entanglements of the matrix 
materials when damage occurs. An elegant supramolecular approach was recently 
developed to obtain a self-healing rubber using multivalent hydrogen bonds [51]. 
However, this system requires substantial plasticization of the rubber matrix to enhance 
the molecular mobility and achieve healing, resulting in a rubber with compromised 
mechanical properties. Very recently, Chen et al. proposed the design of multiphase 
supramolecular thermoplastic elastomers possessing healing capabilities with tailored 
modulus and toughness [50]. Hydrogen-bonding brush polymers were self-assembled 
into a hard-soft microphase-separated network, combining the enhanced stiffness and 
toughness from nanocomposites with the self-healing capability of the dynamic 
supramolecular assemblies. This intrinsic self-healing system was able to recover 
mechanical properties at ambient conditions without the need for external energy (i.e. 
heat).  
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Figure 1.7. Illustrations of three main schemes used in intrinsic self-healing materials. (a) Reversible 
bonding scheme achieves healing via using the reversible nature of certain chemical reactions. (b) Chain 
entanglement approach utilizes molecular mobility at crack planes to entangle chains that span the crack 
surfaces. (c) Noncovalent self-healing systems rely on reversible hydrogen bonding or ionic clustering. 
Images reprinted from Blaiszik et al., [5], with permission from Annual Reviews.  
 
1.3. Overview and Outline of this Dissertation 
      The overall goal of this research is to develop a self-healing epoxy with high thermal 
stability. The approach is based on epoxy-amine healing chemistry. The performance is 
characterized in bulk epoxy, epoxy-based adhesives, and fiber-reinforced epoxy 
composites.  
    The work described in Chapter 2 is focused on the development of a self-healing epoxy 
adhesive that is cured at room temperature using microcapsules of DCPD monomer and 
particles of Grubbs’ first generation catalyst. Incorporation of microcapsule-based self-
healing components into adhesives presents a number of unique technical challenges. 
Adhesives are typically applied as thin films over large planar areas and as such, place 
geometric constraints on the maximum size of the microcapsules that can be used. Also, 
the presence of a microencapsulated liquid phase healing agent and a solid phase catalyst 
must not interfere with adhesion between the substrate surface and the native epoxy 
matrix. Finally, the healing chemistry must provide not only good adhesion to the epoxy 
matrix, but also to the substrate material(s). A width-tapered-cantilever-beam (WTDCB) 
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specimen is used to evaluate the healing performance.  Both quasi-static fracture and 
fatigue response are investigated. 
     In Chapter 3, a self-healing epoxy adhesive based on a commercial toughened epoxy 
adhesive using DCPD/Grubbs’ healing system is investigated. Unmodified epoxy 
adhesives are brittle and offer poor resistance to crack formation and propagation. 
Commercial epoxy adhesives are engineered for optimal toughness by incorporating 
phase-separated thermoplastics, rubber particles, or rigid inorganic particles. Typically, 
they are cured at elevated temperature to increase strength and activate chemical bonding 
at the substrate/adhesive interface. In such an epoxy adhesive, standard DCPD 
microcapsules with a poly(urea-formaldhyde) shell wall do not survive the thermal  
curing conditions. Improved thermal stability was achieved via a double shell wall 
encapsulation procedure and healing performance was investigated as a function of 
microcapsule concentration. 
     A self-healing system based on epoxy-amine chemistry for low temperature cured 
epoxy is explored in Chapter 4 and optimization of healing is performed. Encapsulation 
of epoxy and its hardener enables the creation of self-healing epoxies in which the 
sequestered healing agents contain the same chemistry as the matrix. A novel strategy for 
amine encapsulation is developed. High healing efficiency can be achieved with the 
epoxy-amine healing system in epoxy matrix specimens and the potential for enhanced 
healing is explored.  
     Chapter 5 focuses on the development of a self-healing system based on epoxy-amine 
chemistry for high temperature cured epoxy. Since most structural polymeric composites 
and adhesives are cured at elevated temperatures 
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temperatures (Tg) and mechanical properties, there is a strong motivation to advance the 
state-of-the-art by developing an epoxy-amine self-healing system for high temperature 
cured epoxy. Epoxy specimens, containing both epoxy and amine microcapsules, are 
exposed to elevated temperatures for various time periods while retaining their high 
healing efficiency.  
     In Chapter 6, a high temperature cured epoxy fiber-reinforced composite with self-
sealing functionality is reported. A healing system using PDMS healing chemistry that is 
proven to be stable as elevated temperature is employed. Self-sealing is demonstrated 
after indentation damage of the composite. The effect of microcapsules on mechanical 
properties is also characterized, including interlaminar shear strength (ILSS), tensile and 
compressive strength/modulus. The quality of composite, including neat, control and self-
healing samples, are inspected using micro-CT and optical imaging methods.  
      Finally, Chapter 7 summarizes the conclusions of this work, and directions on future 
work following this work are presented. 
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Chapter 2 
Fracture and Fatigue Response of Self-
Healing Epoxy Adhesives 
 
As discussed in Chapter 1, although a variety of self-healing polymers have been 
reported, incorporating self-healing functionality in adhesives presents a number of 
unique technical challenges. Adhesives are typically applied as thin films over large 
planar areas and as such, place geometric constraints on the maximum size of 
microcapsules that can be used. The presence of a microencapsulated liquid phase 
healing agent and a solid phase catalyst must not interfere with adhesion of the substrate 
surface and the native epoxy matrix. Finally, the healing chemistry must provide not only 
good adhesion to the epoxy matrix, but also to the substrate material(s). 
     In this Chapter a self-healing epoxy adhesive suitable for bonding steel substrates is 
demonstrated. The materials system is adapted from our previous studies on bulk epoxy 
healing consisting of microencapsulated DCPD monomer and Grubbs’ first generation 
catalyst. The quasi-static fracture and fatigue response of adhesively bonded steel 
samples are presented for a variety of material formulations. Self-healing epoxy 
adhesives have potential to increase the service life of bonded structures and of laminate 
repairs for both aerospace and infrastructure applications. 
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2. 1. Materials 
     The adhesive matrix consisted of EPON® 828 epoxy resin (DGEBA) (Miller-
Stephenson), cured with 12 pph Ancamine® diethylenetriamine (DETA) (Air Products). 
Both materials were used as received. The healing chemistry consisted of 
bis(tricyclohexylphosphine)benzylidine ruthenium (IV) dichloride (Grubbs’ first 
generation) catalyst (Sigma-Aldrich) used as-received (Figure 2.1a), and endo-
dicyclopentadiene (Alfa Aesar), which was distilled prior to encapsulation. Dibutyl 
phthalate (DBP) (Sigma-Aldrich) was encapsulated as-received and incorporated in 
control specimens. Silane coupling agent (3-glycidyloxypropyl)trimethoxysilane (Sigma-
Aldrich) was used to improve the adhesion between steel substrates and the epoxy 
adhesive. A 25 !m thick fluoropolymer release film (A4000R) (Airtech International) 
was molded in the specimens to serve as a starter crack. The substrate was A36 structural 
steel (Speedy Metals).   
     The DCPD healing agent was stabilized with 150 ppm p-tert-butylcatechol (Acros 
Organics) and encapsulated following established techniques [116] by in situ 
polymerization of urea-formaldehyde. Microcapsules with average diameter of 130 (± 
23) !m were produced at 550 RPM agitation rate with a shell wall of approximately 160-
220 nm thickness (Figure 2.1b). Mechanical rupture of the shell wall triggers in situ 
polymerization of DCPD by ring-opening-metathesis-polymerization (ROMP) with 
Grubbs’ catalyst producing a tough, highly cross-linked polymer [117]. DBP was 
encapsulated by the same encapsulation procedure at 550 RPM yielding capsules with 
average diameter of 122 (± 23) !m. Unreactive with Grubbs’ catalyst, DBP provided a 
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control case where the effects of the healing reaction were isolated from other material 
effects. 
(a)             (b)  
Figure 2.1. Scanning electron microscope images of (a) as-received Grubbs’ first generation catalyst, (b) 
DCPD-filled microcapsules with poly(urea-formaldehyde) shell wall. 
 
2.2.  Experimental Methods 
2.2.1 Quasi-static Fracture Testing 
The fracture toughness of adhesively bonded steel substrates was measured by 
preparing and testing width-tapered-double-cantilevered-beam (WTDCB) specimens 
(Figure 2.2a).  The WTDCB geometry provides a crack length independent measurement 
of Mode I fracture toughness [86, 118, 119], critical to accurate analysis of healing 
performance. Assuming the adhesive layer is thin and does not significantly contribute to 
the total specimen thickness, linear elastic fracture analysis of the WTDCB geometry 
yields the mode-I stress intensity factor [120], 
                                                 
KI = 2Pk
3Ea
(1!! s
2 )Eshs
3                                            (2.1) 
where is the applied load, is the taper ratio (for this study,  is used), !s (0.33) is 
the substrate Poisson’s ratio, hs is the substrate thickness, and Ea  (3.4 GPa [121]) and Es 
(200 GPa) are the modulus of elasticity of the adhesive and the substrate, respectively. 
P k 3k =
! ")!
The healing efficiency is defined as the ratio of the healed fracture toughness to the virgin 
fracture toughness [30]. For the WTDCB geometry the healing efficiency reduces to the 
ratio of critical fracture loads of the healed and virgin tests, 
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     Fracture toughness testing was performed using an Instron 8500 load frame with a 
4000 N load cell in displacement control at a rate of 20 mm/min until a crack opening 
displacement (COD, measured by crosshead extension) of 2! =  mm was reached. For 
some control specimens, healing solutions were injected directly into the crack plane 
while the specimen was held open under load. After the initial (virgin) fracture test, the 
specimens were unloaded to allow the fracture surfaces to come into contact and heal. 
After 24 h of healing at room temperature, the specimens were reloaded until a total COD 
of 2 mm was reached.  
 
Figure 2.2. WTDCB specimen. (a) Geometry of WTDCB specimen consisting of adhesively bonded A36 
steel adherends. A 25 !m thick fluoropolymer release ply is used to create a pre-crack. Aluminum foil is 
used to control adhesive thickness. Dimensions are given in the units of mm. (b) Optical microscopy of 
cross section of a self-healing adhesive incorporated with Grubbs’ catalyst and DCPD microcapsules. 
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2.2.2 Fatigue Testing 
     The fatigue performance of the self-healing adhesive was also investigated using the 
WTDCB test geometry.  Specimens were tested in the Instron load frame while applying 
a cyclic stress to propagate the crack. A 2 Hz haversine waveform was applied with a 
maximum stress intensity of  and a stress intensity ratio (
) of 0.1. Crack growth was monitored by the measured specimen 
compliance [120], 
                                 
3
12
s s
o
CE ha a
k
! = "                                                 (2.3) 
where C
P
!=  is the compliance of the specimen and oa is pre-crack length. Fatigue 
specimens were fractured after healing and the final crack lengths were measured 
optically to confirm the calculated final crack length.  
2.2.3 Specimen Fabrication 
     Steel adherends were prepared for bonding by manual sanding using 80 grit 
sandpaper, cleaning with compressed air and acetone, followed by wiping using acetone 
to remove debris from the surface. Adherends were then rinsed with a 1 vol% silane 
coupling agent solution, dried at room temperature for 30 min, and cured in a 60°C oven 
for 1 h. Six layers of 25-!m aluminum foil were then attached to both the beginning of 
tapered region and the end of the sample (see Figure 2.2b) to control the thickness of 
adhesive layer. 
 
KImax = 0.421 MPa m
 
R = KImin KImax
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     Epoxy adhesive was prepared by mixing EPON 828 with 12 pph DETA curing agent. 
The epoxy mixture was degassed for 15 min to thoroughly remove entrapped air bubbles 
before pouring onto each prepared adherend surface. For samples that contained capsules 
and/or catalyst, these were mixed into the epoxy resin at the appropriate concentration 
and then degassed for several additional minutes. Thereafter, the mixture was evenly 
spread across the adherend surfaces and a 25 !m thick fluoropolymer release ply was 
placed at the beginning of the taper region extending approximately 5 mm along the 
length of the specimen to serve as a pre-crack. Two adherends were mated together and 
the specimen was cured at room temperature for 24 hours followed by 24 hours at 35oC. 
After the cure cycle was complete, two loading blocks with through holes for pin loading 
were attached to the end of each specimen by screws (Figure 2.2c). 
     Three types of specimens were prepared for the quasi-static fracture study (see Table 
2.1). The reference control specimens contained only neat EPON 828/DETA epoxy 
adhesive. Healing for the reference specimen occurs via injection of a pre-catalyzed 
mixture of 0.5 ml DCPD and 2.5 mg Grubbs’ catalyst into the crack plane using a 
syringe. A second set of controls (self-activated) containing 2.5 wt% Grubbs’ catalyst in 
the epoxy adhesive were also prepared.  These controls provided evidence of catalyst 
survival and activity in the epoxy matrix. Healing for the self-activated samples was 
accomplished by injection of 0.5 mL DCPD monomer into the crack plane. Fully in situ 
specimens contained both 2.5 wt% Grubbs’ catalyst and 15 wt% DCPD-filled 
microcapsules in the EPON 828/DETA epoxy adhesive (Figure 2.2b). 
Three types of fatigue specimens were prepared for testing following the same 
procedures established for fracture toughness samples. In addition to neat epoxy adhesive 
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and fully in situ self-healing adhesive, control samples were made incorporating 15 wt% 
DBP-filled microcapsules and 2.5 wt% Grubbs’ catalyst in order to isolate the effect of 
self-healing on the extension of fatigue life (Table 2.1).   
 
Table 2.1. Summary specimen types and adhesive components. 
Test Specimen 
Adhesive 
Matrix Catalyst (wt %) Microcapsule (wt %) 
 
fracture 
reference control 828/DETA - - 
self-activated control 828/DETA 2.5 - 
self-healing 828/DETA 2.5 15 (DCPD) 
 
  
fatigue 
neat 828/DETA - - 
control 828/DETA 2.5 15 (DBP) 
self-healing 828/DETA 2.5 15 (DCPD) 
2.2.4 Fractography 
The fracture surface morphologies of both quasi-static and fatigue fracture samples 
were examined using a field emission environmental scanning electron microscope 
(Philips XL30 ESEM-FEG). Samples were sputter-coated with gold-palladium before 
imaging. 
 
2.3.  Results and Discussion 
2.3.1 Quasi-static Fracture 
A representative loading curve for a reference specimen is shown in Figure 2.3 for 
the initial (virgin) test and the healed test. In the virgin case the load increases linearly 
with COD until a critical load (~260 N) after which stick-slip, unstable crack propagation 
occurs at a consistent critical load until reaching a total COD of 2 mm. At this point, a 
pre-catalyzed mixture of 0.5 mL DCPD monomer and 2.5 mg Grubbs’ catalyst is injected 
into the crack plane, and the specimen is unloaded. After 24 h of healing at room 
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temperature, the specimen is retested and follows the virgin loading curve until reaching 
a healed critical load (~125 N) at which point the crack advances through the healed 
region. Once the crack fully propagates through the initial fracture region, the loading 
curve follows the same contour as the virgin unloading path until a total COD of 2 mm is 
reached. The average virgin and healed critical loads are calculated based on the 
individual propagation events during the virgin and healed tests, (as indicated in Figure 
2.3). For this particular specimen, the average virgin and healed critical loads are 228 N 
and 115 N, respectively. The healing efficiency as defined in Eq. (2) is h = 51 %.  The 
average healing efficiency for all reference tests is h = 41 ± 11 % and the full results for 
all quasi-static fracture tests are presented in Table 2.2. 
 
Figure 2.3. Representative virgin and healed load versus crack opening displacement (COD) curves for 
reference specimens. The triangles represent the values used to calculate the mean critical loads of both 
virgin and healed tests. The upper dash line is the mean virgin critical load (228 N) and the lower dash line 
is the mean healed critical load (115 N).  
 
     A representative test result for a self-activated test specimen is presented in Figure 2.4. 
Again, loading is initially linear up to a critical load for crack propagation in both virgin 
and healed tests. The average virgin and healed critical loads for this specimen are 271 N 
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and 138 N, respectively, yielding a healing efficiency of h = 51%. The average healing 
efficiency over eight tests for self-activated specimens is h = 44 ± 13% (Table 2.2).  
There is a significant increase in virgin toughness for self-activated specimens compared 
to the neat resin adhesive [121]. 
 
Figure 2.4. Representative virgin and healed load versus crack opening displacement (COD) curves for 
self-activated specimens. The triangles represent the values used for the mean critical loads of both virgin 
and healed tests. The upper dash line is the mean virgin critical load (271 N) and the lower dash line is the 
mean healed critical load (138 N). 
 
    Figure 2.5 shows typical loading curves for the fully in situ self-healing specimen. In 
this case the virgin loading curve possesses the same characteristic stick-slip propagation 
mechanism until reaching a COD of 2 mm. However, the healed loading curve is 
distinctly unique from reference and self-activated test cases.  After initiating propagation 
of the healed crack, stable and continuous crack propagation occurs throughout the 
healed region. This characteristic behavior was observed for all twelve specimens tested. 
The average virgin critical load (281 N) is obtained by sampling the critical loads 
associated with the propagation events in the virgin loading trace. For the healed test, we 
obtain the mean value during crack propagation as designated by the symbols on the 
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loading trace.  The initial point is defined based on a 10% deviating in slope from the 
virgin test and the final point corresponds to the peak load during propagation of the 
healed crack.  Sampling over this COD range yields the average healed critical load of 
151 N which corresponds to a healing efficiency of h = 54 %. The average healing 
efficiency for all in situ samples tested is h = 56 ± 24 % (Table 2.2). Again, the virgin 
toughness is significantly improved from the neat resin adhesive case [121]. 
 
Figure 2.5. Representative virgin and healed load versus crack opening displacement (COD) curves for 
self-healing specimens. The triangles represent the values used for the mean critical load of virgin test. The 
healed critical load is the mean value of the data between circles. The upper dash line is the mean virgin 
critical load (281 N) and the lower dash line is the mean healed critical load (151 N).  
 
Table 2.2. Summary of quasi-static fracture test results. 
 
 
Specimen 
 
 
# of Samples 
Fracture Toughness 
 (MPa!m1/2) 
Healing 
Efficiency 
(%) 
Adhesive 
Thickness 
("m) Virgin Healed 
reference  7 0.65 ± 0.04 0.26 ± 0.07 41 ± 11 363 ± 21 
self-activated 8 0.78 ± 0.08 0.33 ± 0.07 44 ± 13 359 ± 23 
self-healing 12 0.82 ± 0.08 0.45 ± 0.19 56 ± 24 375 ± 21 
 
     Cohesive failure through the self-healing adhesive was observed for all test cases, an 
essential requirement for the rupture of embedded microcapsules and activation of the 
healing mechanism. Surface preparation of the steel adherends by mechanical abrasion, 
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cleaning, and silane coupling agent was applied to promote cohesive failure (Figure 
2.6a). Incorporation of microcapsules and catalyst particles into the adhesive also 
promotes crack path deflection from the substrate/adhesive interface into the adhesive 
layer for the self-healing and self-activated control specimens [122-124]. As such, both 
types of specimens exhibited cohesive failure. However, reference control specimens 
exhibited a mixture of both cohesive and adhesive failure possibly a result of a change in 
residual stresses and /or localized T-stress within the epoxy adhesive bondline [125, 126].  
The improvement in virgin fracture toughness for the adhesive with the addition of self-
healing components is consistent with established toughening mechanisms for bulk self-
healing polymers [121]. The fracture plane of a virgin test for a self-healing specimen 
shows extensive crack tail formation characteristic of a crack pinning toughening 
mechanism (Figure  6e). 
     Fractography of healed fracture surfaces of self-healing samples reveal the existence 
of a crosslinked polymer film on the fracture surface (Figure 2.6c) indicative of the in situ 
formation of crosslinked poly(DCPD) from the healing reaction. Unlike the pervasive and 
continuous poly(DCPD) film remaining on the fracture surface for reference and self-
activated samples, for self-healing samples polymerized DCPD appears fragmented and 
discontinuous, as indicated by the brighter speckles shown in Figure 2.6b. This feature in 
self-healing samples manifests as stable and continuous crack growth in the healed test 
[127]. A similar phenomenon has also been observed in healed tests in the study of self-
healing structural composites using WTDCB samples [86]. Importantly, this autonomic 
reaction leads to the recovery of 56 % of the virgin fracture toughness on average.  
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Figure 2.6. Quasi-static fracture plane after healing of a self-healing specimen. (a) & (b) Optical images of 
mating fracture surfaces showing cohesive fracture. (c) & (d) SEM image of healed fracture surface 
showing poly(DCPD) film (blue) formed during self-healing. (e) SEM image of fracture surface at the end 
of the samples created during imaging (unhealed) revealing crack tails indicative of toughening mechanism. 
 
2.3.2 Fatigue Behavior 
The representative fatigue response of neat, control and self-healing specimens are 
shown in Figure 2.7. All neat epoxy adhesive specimens failed quickly for the given test 
conditions (< 62,000 cycles), as shown in Table 2.3. Control specimens containing 
Grubbs’ catalyst and microcapsules containing an unreactive core (DBP) demonstrated 
significant increase in fatigue life and a reduction in initial crack growth rate (see Table 
2.3). Similar effects have been previously demonstrated in bulk self-healing polymers 
due to the activation of toughening mechanisms with the addition of microcapsules and 
as a result of hydrodynamic crack-tip shielding after the release of the encapsulated fluid 
into the crack plane [72, 73].  
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Figure 2.7. Representative fatigue response of neat, control and self-healing fatigue specimens. Samples 
were loaded using 2 Hz haversine waveform at a maximum stress intensity of Kmax = 0.42MPa m  and a 
stress intensity ratio of R = 0.1. 
 
     In stark contrast to both the neat epoxy adhesive and control specimens, full crack 
arrest occurred for all in situ self-healing specimens tested (Figure 2.7). After a brief 
period of initial crack growth (ca. 10 mm) the crack growth rate rapidly decreases until 
complete arrest occurs. Crack arrest for self-healing specimens occurs largely due to the 
in situ formation of a polymer wedge (as shown in Figure 2.8c) in the crack plane 
preventing full unloading of the crack tip, and a reduction in the effective stress intensity 
range [72, 73]. Additionally, the polymerized healing agent can promote adhesive 
bonding of the crack faces and a further reduction of the effective stress intensity range. 
Eventually, the effective stress intensity range is reduced sufficiently and no further crack 
growth occurs.  
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Table 2.3. Summary of fatigue test results.  
 
Specimen 
 
# of Samples 
Crack Growth Rate 
("m/cycle) 
 
Cycles to Failure 
neat 4 2.7 ± 1.9 14,940 – 61,980 
control 4 0.3 ± 0.1 278,220 – 465,060 
self-healing 4 0* #* 
*Crack arrest occurs after 150,000 cycles in all cases. 
 
     Examination of the neat epoxy fatigue specimen by SEM reveals relatively smooth 
and striated morphology as shown in Figure 2.8a. By contrast, the fracture plane for 
control and self-healing fatigue specimens reveal many out-of-plane fracture features and 
remnants of microcapsules (Figure 2.8b and c). For self-healing specimens, poly(DCPD) 
wedge features are also present on the fracture plane.   
Figure 2.8. SEM images of fatigue fracture surfaces for (a) neat, (b) control, and (c) self-healing specimens 
showing poly(DCPD) wedge (blue). 
 
2.4.  Summary 
A self-healing epoxy adhesive has been demonstrated by incorporating a two-part 
self-healing system of 15 wt% encapsulated dicyclopentadiene (DCPD) monomer and 2.5 
wt% Grubbs’ first generation catalyst particles. The addition of both components to the 
neat resin epoxy increased the virgin fracture toughness by 26 % and scanning electron 
microscopy of fracture surfaces reveals evidence of toughening through crack pinning. 
Recovery of quasi-static mode-I fracture toughness was assessed using width tapered 
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double cantilever beam (WTDCB) test specimens. Self-healing specimens recovered 56 
% of the virgin fracture toughness on average after 24 h healing at room temperature. The 
fatigue response of self-healing specimens was also investigated at a maximum stress 
intensity factor of 0.42 MPa•m1/2 and a stress intensity ratio of 0.1. The neat epoxy 
adhesive specimens failed within 62,000 cycles under these conditions while all self-
healing samples exhibited complete crack arrest. 
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Chapter 3  
Fracture Behavior of a Self-Healing 
Toughened Epoxy Adhesive 
 
In this Chapter a self-healing rubber-toughened epoxy adhesive cured at elevated 
temperature is introduced. Unlike the adhesive matrix demonstrated in Chapter 2, the 
epoxy adhesive used in this chapter is a commercial rubber toughened epoxy adhesive 
FM®73M (Cytec Engineered Materials). The adhesive is supplied as a solid film which is 
then laminated as bonding layer curing. Exposure to elevated temperature during curing 
of the adhesive places strict demands on the chemical and thermal stability of the healing 
chemistries employed in this study. Autonomic healing and recovery of fracture 
toughness for this high temperature cured rubber-toughened epoxy adhesive of ca. 750 
!m thickness is demonstrated.  
 
3.1. Experimental Methods 
3.1.1. Adhesive and Self-Healing System 
The adhesive used in this study is FM®73M adhesive film supplied by Cytec 
Engineered Materials. FM®73M adhesive film is a general-purpose aerospace epoxy 
adhesive film of 380 !m nominal thickness supported by a polyester mat. The film was 
cured in a programmable oven according to the temperature profile shown in Figure 3.1a 
with a 3 h dwell at 110°C. 
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(a)  (b)  
Figure 3.1. Thermal characterization of adhesive system (a) Cure cycle used for FM®73M curing cycle. (b) 
Thermogravimetric analysis (TGA) of DCPD-filled UF single wall microcapsules and PU/UF double shell 
wall microcapsules subject to the cure cycle from (a). 
 
The self-healing adhesive contains two components integrated with the FM®73M 
adhesive film. The first component is a microencapsulated liquid monomeric healing 
agent, endo-dicyclopentadiene (DCPD). DCPD has low viscosity and excellent shelf life 
when stabilized with 100-200 ppm p-tert-butylcatechol [117]. DCPD-filled 
microcapsules with poly(urea-formaldehyde) (UF) shell walls [116] have been widely 
used in achieving self-healing for room temperature cured epoxy [30], vinyl polymers 
[55], structure fiber-reinforced composite [86, 128]. Thermogravimetric analysis (TGA) 
of this type of microcapsule shows 80 % mass loss of core material after exposure to the 
cure cycle of FM®73M adhesive (Figure 3.1b). In order to survive FM®73M’s harsh 
curing conditions, a more thermally robust microcapsule must be employed and recent 
encapsulation research has led to the development of double-walled polyurethane (PU) - 
poly(UF) microcapsules [129] with significantly greater thermal stability as indicated in 
the TGA trace in Figure 3.1b where the total mass loss after the FM®73M adhesive cure 
cycle is ca. 8%. Double-walled microcapsules (Figure 3.2a and b) containing DCPD core 
were prepared following a slightly modified encapsulation procedure as outlined in 
Figure A1 (See Appendix A). The microcapsules were air-dried and sieved to obtain 
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capsules with diameters between 25 - 175 !m. A histogram of microcapsule diameter for 
microcapsules used in this study is shown in Figure 3.2c which yields a mean diameter of 
117 !m.  
The second component of the self-healing system is 
bis(tricyclohexylphosphine)benzylidine ruthenium (IV) dichloride (first generation) 
Grubbs’ catalyst particles (Figure 3.2d). This catalyst was purchased from Sigma-Aldrich 
(Saint Louis, MO) and used as received. When mixed with DCPD monomer, Grubbs’ 
catalyst initiates a ring-opening-metathesis-polymerization (ROMP) reaction resulting in 
a tough crosslinked polymer [4, 117].  
(a)    (b)  
(c)    (d)  
Figure 3.2. Characterizations of healing components.  (a) PU-UF double-walled DCPD microcapsules, (b) 
double shell wall with PU as internal shell wall and UF as outer shell wall, (c) size histogram of double-
walled DCPD microcapsule used in this study, (d) Grubbs’ first generation catalyst particles (as-received). 
 
! $$!
For control specimens hollow polymeric microcapsules were prepared by in situ 
polymerization of urea-formaldehyde prepolymer with detail description in Chapter 4. 
The pre-polymer solution was first prepared by dissolving 10.25 g of urea into 27.5 g of 
formalin (37 % formaldehyde in water) in a 150 mL beaker and allowing the reaction to 
proceed at 70 oC for 1 h. The pre-polymer solution was then added to a 500 mL beaker 
that contained 50 mL deionized H2O and 12.55 mL 2.5 wt% EMA. The beaker was 
placed in a temperature-controlled water bath, and then agitated at 1200 RPM with a 
digital mixer (Eurostar, IKA Labortechnik) driving a three-bladed, 63.5 mm diameter 
low-shear mixing propeller (Cole Parmer). The propeller was placed just beneath the 
solution surface in order to entrap air bubbles. The water bath temperature was set to 35 
oC with a ramp rate of 120 oC/min. When the bath temperature reached 30 oC, the pH was 
adjusted using formic acid to 2.0. Once the bath temperature reached 34 oC, 25 mL warm 
deionized water (~ 30 oC) was added. Thereafter, 15 mL of warm deionized water was 
added after an additional 15 and 30 min and 50 mL after 45 and 60 min. The water bath 
temperature was then set to 34 oC and the solution was allowed to react for 2 h.  
Hollow microcapsules between 30-180 !m yielding an average diameter of 123 !m 
were sieved and collected. Glass beads (125-180 !m) were obtained from McMaster-Carr 
and used as a low profile additive (20 mg) to control the adhesive bondline thickness. A 
25 !m thick fluoropolymer release ply film (A4000R, Airtech International) was used to 
serve as a pre-crack during the specimen preparation. In order to integrate the two self-
healing components into the FM®73M film adhesive, EPON™ 828 epoxy resin (Miller-
Stephenson) was used as a carrier (liquid) phase for dispersion of self-healing 
components on the surface of the adhesive film. Silane coupling agent (3-
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glycidyloxypropyl)trimethoxysilane was obtained from Sigma-Aldrich (and used to 
improve the adhesion of steel substrates and microcapsules to the epoxy adhesive). A36 
structural steel was purchased from Speedy Metals (Rockford, IL) and used as the 
substrate material.   
3.1.2. Characterization 
Microcapsules were imaged using a Leica DMR Optical Microscope in transmission 
mode and images were processed using ImageJ software (version 1.42). A field emission 
environmental scanning electron microscope (Philips XL30 ESEM-FEG) was used to 
image the fracture surfaces of specimens and microcapsules under high magnification. 
Fracture surfaces of interest were sputter-coated with ca. 30 nm thick layer of gold-
palladium before imaging. 
3.1.3. Specimen Geometry 
The width tapered double cantilever beam (WTDCB) specimen geometry was used in 
the present study (Figure 3.3), following the established protocol in previous chapter for 
assessment of the fracture toughness and self-healing behavior of adhesively bonded steel 
substrates. The healing efficiency ( )!  is defined as the ratio of the healed fracture 
toughness to the virgin fracture toughness [30], as presented in Eq. 2.1 in Chapter 2.!!
3.1.4. Specimen Types and Preparation 
Steel adherends were prepared for bonding by manual sanding using 80 grit 
sandpaper and cleaning with compressed air and acetone, followed by wiping to remove 
debris from the surface. Adherends were then rinsed with 1 vol% silane coupling agent 
solution, dried at room temperature for 30 min, then placed in a 60 °C oven for 1 hour. 
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Figure 3.3. Schematic of width tapered doubled cantilever beam (WTDCB) specimen. (a) Demensions of 
WTDCB specimen given in the units of mm. (b) Schematic of WTDCB specimen with microcapsules and 
Grubbs’ catalyst incorporated into the adhesive. (c) Cross section of a self-healing specimen with 5 wt% 
(201 mg) DCPD microcapsules. 
 
WTDCB specimens were fabricated by first cutting the adhesive film to shape and 
placing one layer on each adherend surface. Next, a mixture of the carrier liquid (EPON 
828) and various additional components (depending on the specimen type) was prepared, 
degassed, and then spread onto each film surface. A 25 !m release ply film was placed 
on the surface of one adherend to serve as a pre-crack. The two adherends were then 
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aligned and pressure applied by elastic bands on both ends of the sample.  The specimens 
were then placed in a programmable oven and cured according to the cure cycle in Figure 
3.1a. 
Three types of control specimens were prepared along with the self-healing adhesive.  
The composition of the mixture included in the carrier liquid for each type is listed in 
Table 3.1.  In each case, 0.7 mL of EPON 828 resin was combined with 1 wt% silane 
coupling agent and degassed for 1 h before the addition of other components. 
In order to examine the adhesive fracture behavior, transmission optical microscopy 
(TOM) was also performed. For this study a tapered double cantilever beam (TDCB) 
geometry [30] was used in order to allow imaging in through transmission (Figure 3.4c). 
These specimens were manufactured with an epoxy substrate composed of EPON 828 
cured with diethyltriamine (DETA) at 12 pph. The TDCB specimen was fractured along 
the center line groove and the two fracture planes were then sanded with 80 grit 
sandpaper. The sample was then bonded with FM®73M adhesive and cured using the 
same cure cycle as for the WTDCB specimens. After the curing was complete, an area 
approximately 10 mm ahead the pre-crack tip was thinned to 300-500 !m, and polished 
sequentially with 300, 600, 1200 and 2400 grit sandpapers.  
 
Figure 3.4. Schematic of TDCB test specimen for transmission optical microscopy. 
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Table 3.1. Adhesive components for all WTDCB specimens. The amount of DCPD microcapsules 
incorporated into control type III and self-healing samples varied from 39 mg to 271 mg. 
 
 
 
Specimen Type 
Adhesive Components 
 
 
FM®73M 
(mg) 
EPON 828-
Silane 
Mixture  
(ml) 
 
DCPD 
capsule 
(mg) 
 
Hollow 
capsule 
(mg) 
 
Grubbs’ 
catalyst 
(mg) 
 
Glass 
bead 
(mg) 
control type I 3000 0.7 - - - - 
control type II 3000 0.7 - 35 10 20 
control type III 3000 0.7 39-271 - - 20 
self-healing 3000 0.7 39-271 - 10 20 
 
3.1.5. Testing Procedure 
Mode-I fracture tests for WTDCB specimens were performed using a MTS load 
frame (Instron 8500) with a 4000 N load cell in displacement control at a rate of 5 
mm/min until reaching a defined crack opening displacement $, was reached (control 
type I $ = 5 mm, control type II and self-healing $ = 3 mm). For some control specimens 
(type I and II) manual injection of a healing solution was then performed while the 
specimen was held open under load. For specimens of control type I a mixture of 0.5 ml 
DCPD and 2.5 mg Grubbs’ catalyst was injected into the crack plane using a microliter 
syringe. For specimens of control type II, 0.5 mL of DCPD monomer (no catalyst) was 
injected into the crack plane. After the initial (virgin) fracture test, the specimens were 
quickly unloaded to allow the fracture surfaces to come into contact and heal. After 24 h 
of healing at room temperature, the specimens were then reloaded until reaching the same 
$ as the corresponding virgin test.  
      For TOM studies a wedge was utilized to open the TDCB specimen and propagate the 
crack (Figure 3.4c).  
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3.1.6. Data Reduction 
A typical test result for a self-healing specimen is shown in Figure 3.5.  In the virgin 
test, the loading curve is initially linear then becomes non-linear until the onset of stable 
crack propagation and a constant critical fracture load. For the healed test, the loading 
curve follows the virgin trace until crack propagation is reinitiated. Once the crack grows 
completely through the healed region the loading trace follows the slope of the unloading 
curve of the virgin test.  
The average critical fracture load of the virgin test is calculated based on a sampling 
of all load values from the onset of crack propagation to the end of virgin crack 
propagation. The average healed critical load is calculated based on the mean value 
between the initiation and completion of crack propagation through the healed region.  
Crack initiation in the healed test was defined based on a 10% reduction in slope from 
that of the virgin test. Completion of fracture during the healed test occurred when the 
slope is within 10% of the virgin unloading stiffness. The average virgin critical load for 
this particular case is 1125 N and the average healed critical load is 545 N. As a 
consequence, the healing efficiency using eq. (2) is  = 48 %. A similar data analysis 
procedure was used for all fracture tests conducted. 
!
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Figure 3.5. Representative loading curves of virgin and healed tests of self-healing adhesive specimen with 
5 wt% (201 mg) DCPD microcapsules and 10 mg Grubbs’ first generation catalyst.  Dashed lines represent 
the average critical loads for virgin and healed tests. 
 
3.2. Experimental Results  
3.2.1. Control Specimens 
Three types of control samples were tested in order to isolate various effects related to 
self-healing behavior and adhesive performance (Table 3.1). Control type I samples 
contained no self-healing components, but did incorporate the same amount of carrier 
fluid (epoxy) during specimen fabrication. Control type II samples contained the catalyst 
phase and hollow microcapsules while control type III samples contain the DCPD-filled 
microcapsules only.  Table 3.2 contains a summary of all WTDCB specimen test results. 
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Table 3.2.  Fracture toughness and healing efficiency of control and self-healing specimens. 
 
Specimen Type 
 
No. of 
Specimen 
Capsule 
Fraction 
(wt%) 
Capsule 
Mass (mg) 
Virgin
IcK  
1/2( )MPa m!  
Healed
IcK  
1/2( )MPa m!  
Healing 
efficiency 
(%) 
Adhesive 
Thickness 
("m) 
control type I 5 0 0 2.63±0.08 0.72±0.04 28±2 719±12 
 
control type II 4 - 35 1.49±0.03 0.66±0.05 44±4 780±12 
 
control type III 4 1 39 2.61±0.08 - - 767±9 
" 4 2.5 98 2.30±0.08 - - 767±8 
" 4 3.5 139 2.11±0.07 - - 765±7 
" 5 5.0 201 1.95±0.05 - - 780±5 
" 5 6.6 271 1.72±0.06 - - 789±23 
 
self-healing  5 1 39 2.37±0.03 0 0 761±12 
" 4 2.5 98 1.93±0.10 0.38±0.05 20±3 754±11 
" 6 3.5 139 1.89±0.06 0.42±0.07 22±4 746±9 
" 5 5.0 201 1.51±0.07 0.67±0.04 45±4 787±3 
" 5 6.6 271 1.30±0.13 0.75±0.04 58±8 797±10 
 
Healing of type I controls was achieved by manual injection of a pre-mixed solution 
of DCPD monomer and Grubbs’ catalyst. Type II controls were healed by manual 
injection of the DCPD monomer only since the catalyst phase was already incorporated 
within the adhesive. These “self-activated” controls remove the variable of monomer 
delivery to the crack plane via embedded microcapsules and they provide evidence of 
catalyst survival of the initial curing conditions. Healing efficiency of type I controls is 
28 % while that for type II controls is 44 %. However, in both cases the healed fracture 
toughness is nearly constant and the discrepancy in healing efficiency is due to a 
reduction in virgin fracture toughness for type II controls.  Nevertheless, type II healing 
confirms that the catalyst phase is fully active after the adhesive curing cycle.  
3.2.2. Self-Healing Specimens 
Self-healing specimens contained both healing components in a fully integrated 
system. Figure 3.6a presents the results of a series of tests in which the microcapsule 
concentration was varied from 1.0 to 6.6 wt%.  For the smallest capsule concentration 
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tested (1.0 wt%) no healing was detected indicating that insufficient healing agent was 
supplied to the crack plane. As the capsule concentration increased, the healed fracture 
toughness increased too and approached a plateau beyond about 5 wt%.  The healed 
fracture toughness for specimens containing 6.6 wt% capsules was the same as control 
type I specimens, indicating the healing agent released from the embedded microcapsules 
was sufficient to completely fill the crack plane.  
(a) (b)  
Figure 3.6. Quasi-static fracture test results. (a) Fracture toughness of virgin and healed tests, and healing 
efficiency for self-healing specimens as a function of microcapsule concentrations. (b) Scanning electron 
micrograph of fracture plane of a self-healing specimen with 5 wt% (201 mg) microcapsules with 
poly(DCPD) film outlined.  
3.3. Discussion 
Examination of the healed fracture plane of a self-healing specimen by scanning 
electron microscopy (Figure 3.6b) reveals evidence of microcapsule rupture and 
polyDCPD film formation by the in situ reaction of DCPD and Grubbs’ catalyst. The 
maximum healing efficiency achieved is 58 ± 8 % for specimens containing 6.6 wt% 
capsules. However, increased healing efficiency occurs at the expense of virgin fracture 
toughness which continuously decreases with increasing microcapsule concentration. 
Nevertheless, self-healing occurs in the adhesive exposure to high temperature curing 
(110 oC for 3 h), an important technical advancement for self-healing polymers. 
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While the virgin fracture toughness of FM®73M self-healing adhesive decreases as 
the concentration of microcapsule increases, this reduction is counter to that observed for 
an untoughened self-healing epoxy adhesive discussed in the previous chapter and bulk 
polymer like epoxy [121], vinyl ester [55], and PDMS [32]. Two operative toughening 
phenomena have been identified for embedded microcapsules related to crack pinning 
and localized plastic deformation. However, crack tails or steps, which are typical 
features of crack pinning, were not observed in the present self-healing adhesive system 
upon inspection of fracture surfaces.  
In order to better understand the observed effects a series of control type III 
specimens (DCPD-filled microcapsules only) were prepared and tested. A similar trend 
was observed in type III controls in which the virgin toughness monotonically decreases 
with increasing capsule concentration (Figure 3.7a). Importantly, these controls are 
devoid of polyDCPD on the fracture plane (due to the absence of Grubbs’ catalyst) and 
thus allow a cleaner examination of the fracture plane. The morphology of the fracture 
plane is dramatically altered when capsule concentration increases (Figure 3.7b-c) with 
larger concentrations reducing the roughness of the fracture surface (and attendant 
fracture energy). 
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(a)  
(b)       (c)  
Figure 3.7. (a) Fracture toughness of control type III specimens and self-healing specimens as a function of 
microcapsule concentrations. Fracture toughness of control type I (neat adhesive) specimen is included. (b) 
and (c) SEM micrographs of fracture plane of control type III specimens with 1.0 wt% (39 mg) and 5.0 
wt% (201 mg) DCPD-filled microcapsules, respectively.  
 
Examining the fracture surfaces of control type I samples at increasing magnification 
(Figure 3.8) reveals that the native adhesive system exhibits large shear deformation of 
the epoxy matrix and permanently dilated cavities between 0.1 - 0.5 !m. These features 
are typically observed in rubber-toughened epoxy systems [15, 130, 131]. Figure 3.8 also 
shows evidence of energy dissipative mechanisms associated with deformation and 
fracture of the polyester supporting mat such as fiber debonding, fiber bridging and crack 
branching, all of which can be secondary toughening mechanisms [132-134]. However, 
in self-healing adhesive specimens there is no evidence of these secondary mechanisms 
on the fracture plane as the microcapsule concentration increases (Figure 3.6b). 
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To further investigate the influence of microcapsules on fracture toughness, TOM 
were taken during crack propagation near the crack tip in thin TDCB specimens. A 
control type I specimen is compared directly to a control type III adhesive specimen with 
5 wt% microcapsules in Figure 3.9. After crack propagation through the area of interest 
the damage zone is clearly identified by suppression of light transmission through the 
sample as a result of internal cavitation of rubber particles and shear band formation 
throughout the adhesive [130, 131]. While the type I control shows a large damage zone 
along with crack bridging from the polyester mat, the type III specimen shows a much 
smaller damage zone and a localization of the fracture process to the middle of the 
adhesive layer.  
The suppression in the damage zone in adhesives with embedded microcapsules is 
likely the result of stress concentrations of microcapsules present in the adhesive. The 
stress field around relatively large microcapsules interacts with the crack tip stress field, 
raising the local stresses between the crack tip and the capsule. This can lead to cavitation 
of rubber particles in the vicinity and then shear yielding of the matrix [130, 131]. 
However, since capsules are only present in the center of the adhesive they localize the 
damage zone to that region alone, suppressing cavitation and attendant shear 
deformations away from the central region of the adhesive as well as secondary 
toughening effects like fiber fracture, fiber debonding, and crack branching from the 
polyester fiber mat.  
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Figure 3.8. Fracture morphology of control type I (neat epoxy) adhesive. (a) SEM micrograph of fracture 
plane showing significant out-of-plane morphology and polyester fiber debonding and fracture. (b) Higher 
magnification image showing the secondary cracking and shear deformation of the matrix. (c) Higher 
magnification image showing voids left after cavitation of (0.1-0.5 !m) rubber particles.  
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Figure 3.9. Transmission optical microscopy (TOM) of neat epoxy (control type I) and microcapsule-only 
(control type III) adhesive during fracture. TOM of TDCB fracture of control type I specimen (a-c): (a) 
before crack growth, (b) after crack growth, showing the damage zone at the crack tip, (c) higher 
magnification showing the secondary cracking and fiber bridging. TOM of TDCB fracture of control type 
III specimen (d-f): (d) before crack growth, (e) after crack growth, showing the damage zone at the crack 
tip, (f) higher magnification of (e). 
 
While microcapsules concentrated in the center region of the rubber toughened 
adhesive tend to localize the damage zone in ca. 750 !m thick adhesives in the present 
study, localization could be avoided by dispersing microcapsules throughout the entire 
adhesive region by incorporating capsules into the adhesive film directly. To demonstrate 
this concept, a series of lab-formulated rubber-toughened epoxy adhesives with thickness 
of ca. 540 !m were prepared using EPON 828, piperidine, and CTBN liquid rubber [130] 
in which the DCPD-filled microcapsules were uniformly dispersed throughout the 
adhesive layer (Figure 3.10, see Appendix A for sample preparation procedure). TOM 
studies of the fracture behavior of this type of epoxy were also conducted in thin TDCB 
specimens. As shown in Figure 3.11, upon crack propagation epoxy containing uniformly 
distributed 5 wt% DCPD microcapsules demonstrated a large plastic zone size that is 
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comparable to that in the corresponding neat epoxy. Fracture tests on WTDCB samples 
made with these adhesives demonstrated a high retention or even an improvement in 
virgin fracture toughness upon the addition of up to 6.6 wt% microcapsules (Figure 3.12). 
The enhancement in toughness is largely attributed to damage zone branching caused by 
interaction of the stress field of the microcapsules with that of the crack tip [130, 131]. 
SEM images with increasing magnifications of a specimen containing 5 wt% 
microcapsules reveal a very rough fracture surface, as shown in Figure 3.13. In addition 
to the cleavage of microcapsules and cavitation of rubber particles between 0.5 – 2 µm, 
extensive out-of-plane fracture and large shear deformation are also observed indicating 
that crack branching was operative during fracture. This is in stark contrast to the 
relatively flat fracture plane seen in a FM-73M control type III sample containing 5 wt% 
microcapsules (Figure 3.7c). 
 
Figure 3.10. Cross sectional image of adhesive formulated with EPON 828, piperidine, CTBN and 5 wt% 
DCPD-filled microcapsules, showing uniform dispersion of microcapsules. 
 
 
Figure 3.11. TOM of neat epoxy and capsule-containing epoxy formulated with EPON 828, piperidine and 
CTBN during fracture. TOM of TDCB fracture of neat epoxy specimen (a-b): (a) before crack growth, (b) 
after crack growth, showing the damage zone at the crack tip. TOM of TDCB fracture of epoxy specimen 
containing 5 wt% DCPD capsules (c-d): (c) before crack growth, (d) after crack growth, showing the 
damage zone at the crack tip. 
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Figure 3.12. Normalized fracture toughness (K1C/ K1C, neat) of control type III specimens and lab-formulated 
adhesive specimens as a function of microcapsule concentration. 
 
    Moreover, utilizing capsules on the same size scale as the rubber particles (0.1-0.5 
mm) would facilitate a homogeneous dispersion and methods have already been 
developed to produce submicron capsules and disperse them in epoxy matrices to provide 
enhanced toughness [135]. However, the volume of healing agent delivered to the 
fracture plane scales linearly with capsule diameter [136] so that a minimum 
concentration (or size) is required for healing. The use of two size scales of capsules in 
toughened epoxy adhesives may satisfy both toughening and self-healing functionalities 
simultaneously. In this case, small capsules provide non-localized toughening; while the 
larger capsules serve as reservoirs of healing agents for healing large-scale damage. It is 
rational to expect synergistic toughening in a self-healing toughened adhesive system that 
contains a bimodal distribution of microcapsules [130, 131]. 
3.4. Conclusions 
A self-healing rubber toughened structural adhesive based on the commercial system 
FM®73M has been developed by incorporating microcapsules containing DCPD 
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monomer and particles of Grubbs’ catalyst. Recovery of quasi-static mode I fracture 
toughness was assessed using WTDCB test specimens. Healing efficiency based on the 
recovery of virgin fracture toughness ranged from 20 % to 58 % and increased with 
microcapsule concentration.  Importantly, self-healing was demonstrated for an epoxy 
adhesive subjected to high temperature curing (110 °C, 3 h), an important technical 
advancement in self-healing polymers. 
 The addition of 117 mm average diameter microcapsules into ca. 750 mm thick 
adhesives was shown to reduce the virgin fracture toughness with microcapsule 
concentrations.  This reduction in toughness was traced to localization of the fracture to 
the center of the adhesive and a reduction in damage zone size. Integration of 
microcapsules throughout a lab-formulated rubber-toughened adhesive demonstrated the 
alleviation of localization in adhesives and therefore high retention or even enhancement 
of the virgin fracture toughness. 
 
Figure 3.13. SEM micrographs of fracture plane of lab-formulated adhesive containing 5 wt% DCPD-filled 
microcapsules. (a) SEM micrograph of fracture plane showing rough texture morphology. (b) Higher 
magnification image showing out-of-plane cracking and shear deformation of the matrix. (c) Higher 
magnification image revealing voids left after cavitation of CTBN rubber particles.  
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Chapter 4 
Self-Healing Thermoset Using 
Encapsulated Epoxy-Amine Healing 
Chemistry 
 
     In this Chapter, a self-healing epoxy using a dual-microcapsule epoxy-amine healing 
chemistry is presented. One capsule contains a modified aliphatic polyamine (EPIKURE 
3274) while the second capsule contains a diluted epoxy monomer (EPON 815C). Amine 
microcapsules were prepared by vacuum infiltration of EPIKURE 3274 into hollow 
polymeric microcapsules. Epoxy microcapsules were prepared by an in situ 
polymerization method. Both types of capsules were incorporated into an epoxy matrix 
(EPON 828:DETA) and the recovery of mode-I fracture toughness was measured using 
tapered-double-cantilever-beam (TDCB) specimens. The optimal mass ratio of amine : 
epoxy capsules was 4 : 6 and an average healing efficiency of 91% was achieved with 7 
wt% amine capsules and 10.5 wt% epoxy capsules. Long-term stability of the healing 
system was demonstrated for six months at ambient conditions. Thermal stability was 
investigated by post curing samples at 121°C and assessing healing performance.  
4.1. Experiments 
4.1.1 Materials 
     Epoxy monomers EPON 828 and EPON 815C as well as amine curing agents 
diethylenetriamine (EPIKURE 3223, DETA) and EPIKURE 3274 were purchased from 
Miller-Stephenson (Morton Grove, IL) and used as-received. Urea, triethanolamine, 
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formic acid, and Formalin (37 % formaldehyde in water) were obtained from Sigma-
Aldrich (Saint Louis, MO). Ethylene-maleic anhydride (EMA) copolymer (Zema-400) 
powder with average Mw = 400 kDa was received from Zeeland Chemicals, and was used 
in a 2.5 wt% deionized water solution.  
4.1.2 Synthesis of Microcapsules 
     EPON 815C is a diluted EPON 828 epoxy resin containing 13.6 % n-butyl glycidyl 
ether (BGE) with a low viscosity  (5 - 7 poise at 25 °C). Epoxy microcapsules were 
prepared by in situ polymerization of urea-formaldehyde (UF) following the procedure 
described by Blaiszik et al. [58] with an agitation rate of 800 RPM. Capsules were 
filtered and rinsed two to three times using ethanol and then sieved between 125 - 250 
!m yielding an average diameter of 113 ± 48 !m.  
Hollow microcapsules were prepared by a poly-condensation reaction of urea-
formaldehyde prepolymer on the surface of entrained air bubble in a reaction vessel 
(Figure 4.1). The pre-polymer solution was first prepared by dissolving 10.25 g of urea 
into 27.5 g of formalin (37 % formaldehyde in water) in a 150 mL beaker and allowing 
the reaction to proceed at 70 °C for 1 h. The prepolymer solution was then added to a 500 
mL beaker that contained 50 mL deionized H2O and 12.55 mL 2.5 wt% EMA. The 
beaker was placed in a temperature-controlled water bath, and then agitated at rates from 
800 - 3000 RPM with a digital mixer (Eurostar, IKA Labortechnik) driving a three-
bladed, 63.5 mm diameter, low-shear mixing propeller (Cole Parmer). The propeller was 
placed just beneath the solution’s surface in order to entrap air bubbles. The water bath 
temperature was set to 35 °C with a ramp rate of 120 °C/min. When the bath temperature 
reached 30 °C, the pH was adjusted using to 2.0 formic acid. Once the bath temperature 
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reached 34 °C, 25 mL warm deionized water (ca. 30 °C) was added. Thereafter, 15 mL of 
warm deionized water was added after an additional 15 and 30 min and 50 mL after 45 
and 60 min. The water bath temperature was then set to 34 °C and the solution was 
allowed to react for 2 h. Hollow capsules within 75-180 !m were obtained upon air-
drying and sieving.  
 
Figure 4.1. Microencapsulation protocol for synthesis of poly(urea-formaldeheyde) hollow microcapsules. 
 
4.1.3 Infiltration of EPIKURE 3274 Modified Aliphatic Polyamine  
     Initially the hollow capsules were immersed in EPIKURE 3274 amine contained in a 
cylindrical vacuum jar. After vacuum infiltration for several hours, microcapsules 
floating on the top of the 3274 amine bath, which are still empty, were disposed while the 
ones at the bottom (filled with amine) were filtered and used without rinsing. The 
collected capsules have an average diameter of 117 ± 32 !m.  
4.1.4 Healing Performance Evaluation 
     Localized short groove TDCB fracture specimens were used to evaluate the healing 
performance [136]. To prepare TDCB specimens, EPON 828 and 12 pph 
diethylenetriamine (DETA) were mixed, degassed to remove trapped air, and poured into 
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silicone rubber molds (with silicone rubber inserts) to cure overnight. The silicone rubber 
inserts were then removed and EPON 828:DETA (100:12) mixed with or without 
capsules was poured into the insert and allowed to cure 24 h at room temperature 
followed by 24 h at 35 °C [136]. In addition, a set of specimens were post cured at 121 
°C for various times with a ramp rate of 2.5 °C/min. Prior to testing, a pre-crack was 
created with a fresh razor blade into the center groove of the specimen. TDCB specimens 
were pin loaded using a load frame under displacement control mode at a loading rate of 
5 !m/s until the crack had propagated through the insert groove section of the sample 
where the microcapsules reside. The samples were unloaded, allowing the crack faces to 
come back into contact, and then set aside to heal for 48 h at room temperature (without 
any external intervention, e.g. no applied heat or pressure) before again being loaded to 
failure. Healing efficiencies are reported as a ratio of healed to virgin fracture toughness, 
which for the TDCB geometry reduces to the ratio of peak loads at fracture [30],  
.                                                       (4.1) 
Averaged healing efficiencies are reported based on 5-9 specimens.  
     Three separate types of control specimens were tested in order to investigate the 
effects of the individual components and delivery on healing performance. Control type I 
specimens contained only neat epoxy inserts. Healing was achieved by manually 
injecting a 0.7 !L stoichiometric amine : epoxy solution into the crack plane after virgin 
testing. Control type II and control type III specimens contained only epoxy 
microcapsules and amine microcapsules, respectively.  
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4.1.5 Characterization of Microcapsules 
      Capsule size distributions were obtained from multiple optical images taken with a 
Leica DMR optical microscope interfaced with ImageJ software (version 1.42). At least 
200 separate microcapsule diameters were measured to obtain the size distribution. A 
field emission environmental SEM (Philips XL30 ESEM-FEG) was used to image the 
fracture surfaces of specimens and microcapsules under high magnification. Fracture 
surfaces of interest were sputter-coated with ca. 30 nm thick layer of gold-palladium 
before imaging. In order to characterize the shell wall thickness, hollow microcapsules 
were embedded in EPON828/DETA (weight ratio 100:12), cured for 24 h at room 
temperature and 24 h at 35 °C, then cleaved for imaging.   
Thermogravimetric analysis (TGA) was performed on a Mettler-Toledo TGA851® under 
nitrogen flow and a heating rate of 10 °C/min. Fourier transform infrared (FT-IR) 
spectroscopy was also performed to analyze the core of 3274 amine capsules. To extract 
the core material, 3274 capsules were placed in a syringe filter (Millipore Millex® GP) 
attached to the end of a syringe. The syringe was depressed to crush the capsules, and the 
liquid contents of the microcapsules were collected in a vial for FTIR analysis. 
4.2. Results and Discussion 
4.2.1 Microcapsule Preparations 
4.2.1.1 Hollow UF Microcapsules 
     After synthesis, hollow microcapsules floated and accumulated on the surface of the 
reaction vessel while sediments including small urea-formaldehyde particles sank to the 
bottom. The yield was measured by comparing the mass of hollow capsules to the mass 
of shell wall materials used in capsules’ synthesis (i.e. urea and formaldehyde). The 
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yields for this encapsulation procedure ranged from 9.6 % - 17.7 % for various agitation 
rates. 
     Hollow microcapsules with an average diameter 30 - 220 !m were produced by 
controlling the agitation rate between 800 - 3000 rpm during encapsulation, as shown in 
Figure 4.2. Microcapsule size decreased with agitation rate in a power law fashion. A 
least square fit to the data yielded a power of -1.3, a value consistent with liquid core 
microcapsules produced in similar manner [38, 58, 116]. Hollow microcapsules were 
sieved and those between 75 - 180 !m were collected for amine infiltration (Figure 4.3a). 
Because UF is a brittle material, the hollow capsules tended to be fragile upon air-drying 
due to the absence of an incompressible core material. Consequently, some of the 
capsules collapsed during sieving and handling. Some capsules have small holes on the 
surface, as shown in the inset of Figure 4.3a, which could be created during the 
evacuation for SEM images or due to damage during handling. 
 
Figure 4.2. Mean diameter as a function of agitation rate for hollow UF microcapsules. Error bars stand for 
standard deviations. 
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(a)     (b)  
Figure 4.3. Characterization of hollow UF microcapsules. (a) SEM images of hollow UF microcapsules 
(inset: small hole on the microcapsule surface). (b) Shell wall of a ruptured hollow microcapsule embedded 
in EPON 828/DETA epoxy matrix.  
 
     Shell wall thicknesses for hollow microcapsules were measured from SEM images 
(Figure 4.3b). Ten measurements were performed at different locations for each 
microcapsule. The average shell wall thickness was 1.1 ± 0.3 µm and is generally 
independent of the capsule diameter.  
4.2.1.2 Amine Microcapsules 
     Hollow UF microcapsules that were infiltrated with EPIKURE 3274 sank in the 
vacuum jar and were collected by filtering. Capsules tend to agglomerate due to the wet 
exterior surface (Figure 4.4a). Nevertheless, amine capsules can be evenly dispersed 
when manually mixed into epoxy resin (EPON828/DETA), as shown in Figure 4.4b. In 
addition, the filled capsules appear clear and transparent in the continuous phase (due to 
index matching), while hollow capsules appear black. FTIR spectra of both as-received 
EPIKURE 3274 and the core content of amine capsules show existence of primary amine 
chemical structures (N-H stretches between 3300 - 3000 cm-1) as shown in Figure 4.4c.  
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(a)  (b)  
(c)  
Figure 4.4. Characterization of amine microcapsules. (a) SEM image of amine microcapsules after 
infiltration. (b) Optical micrograph of capsules immersed in EPIKURE 3274. Filled microcapsules appear 
clear while hollow microcapsules appear dark. (c) FTIR spectra of EPIKURE 3274 and extracted capsule 
core content. Primary amine N-H stretches are designated with dashed vertical lines. 
 
     The thermal stability of amine capsules as characterized by TGA is shown in Figure 
4.5. Both neat EPIKURE 3274 and amine capsules show very similar weight loss traces. 
Not surprising, the capsule shell wall provides little additional thermal stability given that 
the capsule core is infiltrated under vacuum pressure.  
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Figure 4.5. TGA traces of amine capsules and EPIKURE 3274. 
 
4.2.1.3 Epoxy Microcapsules 
     EPON 815C microcapsules were spherical with some UF debris adhered to the 
capsule surface (Figure 4.6a). After drying and sieving, the epoxy capsules tended to 
agglomerate; however, they uniformly dispersed upon stirring into an epoxy matrix. TGA 
of the capsules indicated good thermal stability to well over 200 °C (Figure 4.6b). The 
initial mass loss at ca. 220 °C is largely associated with loss of the diluent phase (BGE) 
through the poly(UF) shell wall.  
(a)      (b)  
Figure 4.6. Characterization of EPON 815C microcapsules. (a) SEM image of EPON 815C microcapsules. 
(b) TGA traces of EPON 815C microcapsules and neat EPON 815C resin. 
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4.2.2 Fracture Testing 
     Autonomic recovery of fracture toughness was measured by preparing and testing 
EPON 828:DETA (100:12) localized short groove tapered double cantilever beam 
(TDCB) specimens [30, 136]. Figure 4.7 shows representative loading-displacement 
curves for the virgin and healed tests of a self-healing specimen. The average critical 
loads were determined from all of the individual propagation events (i.e. peak loads) 
during the virgin and healed tests (Figure 4.7).  For this particular specimen, the average 
virgin and healed critical loads were 97 N and 75 N, respectively corresponding to a 
healing efficiency of " = 77 %.  
 
Figure 4.7. Representative load versus displacement curves for self-healing TDCB fracture test. The 
diamonds and triangles represent the values used to calculate the mean critical loads of virgin and healed 
tests, respectively. The upper dashed line represents the mean virgin critical load (97 N) and the lower 
dashed line the mean healed critical load (75 N). 
     
     Given the importance of stoichiometric ratio, we investigated the healing performance 
of TDCB samples in which the ratio of epoxy to amine capsules was varied while holding 
the total capsule loading at a constant 10 wt%. The highest average healing efficiency (85 
± 13%) was obtained at a mass ratio of 4 : 6 for amine : epoxy capsules as shown in 
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Figure 4.8a. Because the mean diameters of both capsule types were similar, the 
volumetric ratio of healing agents directly correlated to the capsule weight ratio [136]. 
This ratio deviated from the stoichiometric ratio of EPIKURE 3274 to EPON 815C 
(4:10) indicating that some of the amine core material may be lost during specimen 
preparation. In addition, the total amine capsule weight included some EPIKURE 3274 
coating on the capsule surface, which subsequently reacted with the surrounding epoxy 
matrix. Consequently, additional amine capsules (beyond stoichiometric requirements) 
were required to optimally react with the 815C resin to form a strong healing bond. 
     Once the optimal ratio of epoxy to amine capsules was established, a set of 
experiments was carried out to examine the effect of total capsule concentration (results 
shown in Figure 4.8b). In general, the healing efficiency increased as the total capsule 
concentration increased. There was a local maximum at 10 wt% but the highest healing 
efficiency of 91 ± 21 % was obtained with 15 wt% capsules. There was also a steady 
increase in virgin toughness with the capsule concentration due to toughening 
mechanisms, such as crack pinning, that have been well-documented in literature [30]. 
Fractography of healed fracture surfaces revealed that the healed polymer failed 
cohesively (Figure 4.9). This cohesive failure is indicative of in situ formation of epoxy 
and excellent bond strength to the epoxy matrix. Most importantly, this autonomic 
reaction leads to the high recovery of the virgin fracture toughness.  
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(a)      (b)  
Figure 4.8. Fracture toughness for virgin and healed tests of self-healing specimens with corresponding 
healing efficiencies. (a) Effect of amine : epoxy capsule weight ratio at a constant 10 wt% total capsules 
concentration. (b) Effect of total microcapsule concentration at a constant 4 : 6 amine : epoxy capsule 
weight ratio. 
      
 
Figure 4.9. SEM images of fracture surface from a self-healing specimen containing 4 wt% amine capsules 
and 6 wt% epoxy capsules. (a)Fracture surface after healed test. (b) Unhealed fracture surface (rinsed with 
ethanol immediately after fracture) revealing crack tails.  
 
     In separate experiments non-healing neat epoxy specimens (Control I) were healed by 
injection of 0.7 !L of pre-mixed EPIKURE 3274 and EPON 815C at a stoichiometric 
ratio of 4 : 10. This quantity of healing agent was equivalent to the total volume of 
healing agent released from 10 wt% capsules during a self-healing fracture test [136]. An 
average healing efficiency of 136 ± 32% was measured although substantial crack 
deviation from the original crack plane occurred [32, 33, 35]. Nevertheless, the 
mechanical recovery provided by this healing agent system is excellent. Two other 
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controls were tested in which only 10 wt% epoxy capsules were used (Control II) or only 
10 wt% amine capsules (Control III). Both sets of controls were tested following the 
same protocol as self-healing tests. No healing occurred for either case, indicating that 
the healing for self-healing specimens is due to the reaction of epoxy and amine released 
from their capsules.  
4.2.2.1 Long-Term Stability  
     The stability over time at ambient conditions of this self-healing system was also 
investigated. Self-healing specimens containing 4 wt% amine capsules and 6 wt% epoxy 
capsules were manufactured and cured and then aged at ambient conditions for various 
times before testing. The fracture test results are plotted in Figure 4.10 and show no loss 
in healing efficiency after the initial drop in the first month. Importantly, up to 68% 
healing efficiency was obtained after aging for six months, indicating good stability of 
the healing system under ambient conditions. These results are a significant advancement 
from previous studies on solvent-based healing [33, 66], in which healing efficiency 
decreased quickly after one month of aging and decreased to zero after eight months due 
to the lack of residual functionality groups [137].    
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Figure 4.10. Long-term stability of self-healing specimens containing 4 wt% amine capsules and 6 wt% 
epoxy capsules exposed to ambient conditions for various times before fracture testing. 
 
4.2.2.2 High temperature post-cure 
     A set of self-healing specimens containing 4 wt% amine capsules and 6 wt% epoxy 
capsules was prepared and then post-cured at 121 °C for various times. The results for 
fracture tests for these specimens are presented in Figure 4.11. Healing efficiency 
dropped from 85% to 46% after the first hour and then remained relatively constant 
through 8 hours. While the epoxy capsules are stable until ca. 200 °C as evident by TGA 
results (Figure 4.6b), the reduction of healing efficiency was attributed to the leakage or 
instability of the amine capsules. To test this hypothesis, amine capsules were mixed with 
EPON 828/DETA (100:12) epoxy and placed between two glass slides and observed with 
optical microscopy after various heat treatments. Index refraction mismatch revealed that 
amine leaked out of the capsules and diffused into the matrix following the post-cure 
treatment (Figure 4.12). Further improvements in encapsulation may lead to more 
thermally stable capsules, or overcompensation by increasing the amine capsule 
concentration could lead to improved healing performance at elevated temperatures. 
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Figure 4.11. Fracture testing results of self-healing specimens after post-cure at 121 °C for various times.  
 
 
Figure 4.12. Optical images of amine capsules in EPON 828:DETA (100:12) epoxy. (a) Immediately after 
mixing. (b) After curing at room temperature for 24 h followed by 35 °C for 24 h. (c) After post-cure for 1 
h at 121 °C. (d) After post-cure for 8 h at 121 °C. Enlargement of voids in amine capsules indicates loss of 
core contents. 
 
 
4.3. Conclusions 
      A dual-microcapsule self-healing system was developed using epoxy resin capsules 
containing EPON 815C and amine capsules containing EPIKURE 3274. The optimal 
ratio was determined to be 4 : 6 amine : epoxy capsules and an average healing efficiency 
of 91 ± 21% was achieved for low temperature cured specimens containing 7 wt% amine 
capsules and 10.5 wt% epoxy capsules. Ambient aging studies showed promising healing 
retention for a time period of up to six months with 68% healing efficiency. Post-cure of 
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self-healing specimens at 121 °C for 1 h decreased the healing efficiency from 85% to 
46% and for 8 h further to 35%. This reduction of healing efficiency was traced to the 
diffusion of amine from the capsules at elevated temperature. Future work will 
concentrate on protection of amine capsules rendering improvement in thermal stability 
and enhancement of healing efficiency for high temperature cured epoxy. 
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Chapter 5 
Self-Healing of High Temperature Cured 
Thermoset Using Encapsulated Amine-
Epoxy Chemistry 
 
 
     In this Chapter, self-healing is achieved with a dual-microcapsule system utilizing 
epoxy-amine chemistry in a high temperature cured thermoset epoxy. One capsule 
contains a modified aliphatic polyamine (polyoxypropylenetriamine) prepared following 
the method established in previous chapter. The second capsule contains a low viscosity 
epoxy (EPON 813) prepared by a double shell wall microencapsulation method. Both 
types of capsules are incorporated into a high temperature cured epoxy matrix 
(Araldite/Aradur 8615) with glass transition temperatures from 152 - 213 °C, depending 
on curing conditions. Recovery of mode-I fracture toughness is measured using tapered-
double-cantilever-beam (TDCB) specimens. An average healing efficiency of 89 ± 13% 
based on the recovery of fracture toughness is achieved for samples containing 5 wt% 
amine capsules and 5 wt% epoxy capsules and cured for 6 h at 50 °C followed by 6 h at 
121°C. Long-term stability of the healing system is demonstrated for six months at 
ambient conditions. In addition, healing efficiencies are also reported for samples cured 
at higher temperatures. Direct imaging of capsule core content during cure reveals that 
increased cure temperature and time lead to increased diffusion and loss of core contents. 
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5.1. Experimental Section 
5.1.1. Materials 
      Epoxy resins EPON 828 (diglycidyl ether of bisphenol-A) and EPON 813 (diluted 
version of EPON 828) as well as amine curing agents diethylenetriamine (DETA, 
EPIKURE 3223) and polyoxypropylenetriamine (EPIKURE 3233) were purchased from 
Miller-Stephenson (Houston, TX) and used as-received. A high temperature cured epoxy 
system (Araldite/Aradur 8615) was received from Huntsman Advanced Materials. Urea, 
triethanolamine, formic acid, and Formalin (37 % formaldehyde in water) were obtained 
from Sigma-Aldrich (Saint Louis, MO). Ethylene-maleic anhydride (EMA) copolymer 
(Zema-400) powder with average Mw = 400 kDa was received from Zeeland Chemicals, 
and was used in a 2.5 wt% deionized water solution.  
5.1.2. Synthesis of Microcapsules 
     EPON 813 is diluted EPON 828 epoxy resin containing 26 % o-cresyl glycidyl ether 
(CGE) with a low viscosity (5 - 7 poise at 25 °C). Epoxy microcapsules were synthesized 
by polymerization of polyurethane (PU) - poly(urea-formaldehyde) (UF) double shell 
wall following the procedure described by Caruso et al. [129] with an agitation rate of 
800 RPM. Capsules were filtered and rinsed two to three times using ethanol and then 
sieved between 125-180 !m yielding an average diameter of 123 ± 34 !m. Amine 
microcapsules (average diameter: 111 ± 37 !m) were prepared by infiltrating EPIKURE 
3233 into polymeric hollow capsules, following an established method in previous 
chapter.  
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5.1.3. Healing Performance Evaluation 
     Localized short groove TDCB fracture specimens were used to evaluate the healing 
performance [136]. To prepare TDCB specimens, EPON 828 and 12 pph 
diethylenetriamine (DETA) were mixed, degassed to remove trapped air, and poured into 
silicone rubber molds (with silicone rubber inserts) to cure overnight. The silicone rubber 
inserts were then removed and Araldite/Aradur 8615 (100:50 by weight) mixed with or 
without capsules was poured into the insert and allowed to cure overnight at room 
temperature then cured at various conditions. Prior to testing, a pre-crack was created 
with a fresh razor blade into the center groove of the specimen. TDCB specimens were 
pin loaded using a load frame under displacement control mode at a loading rate of 5 
!m/s until the crack had propagated through the insert groove section of the sample 
where the microcapsules reside. The samples were unloaded, allowing the crack faces to 
come back into contact, and then set aside to heal for 48 h at room temperature (without 
any external intervention, e.g. no applied heat or pressure) before again being loaded to 
failure. Healing efficiencies are reported as the ratio of healed to virgin fracture 
toughness, which for the TDCB geometry reduces to the ratio of peak loads at fracture 
[30], as presented in Eq. 4.1 in Chapter 4. Averaged healing efficiencies are reported 
based on 5-8 specimens.  
     Three separate types of control specimens were tested in order to investigate the 
effects of the individual components and delivery on healing performance. Control type I 
specimens contained only neat epoxy inserts. Healing was achieved by manually 
injecting ca. 0.8 !L stoichiometric amine:epoxy (EPIKURE 3233:EPON 813) solution 
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into the crack plane after virgin testing. Control type II and III specimens contained only 
epoxy microcapsules and amine microcapsules, respectively.  
5.1.4. Characterization of Microcapsules 
     Capsule size distributions were obtained from multiple optical images taken with a 
Leica DMR optical microscope interfaced with ImageJ software (version 1.45). At least 
200 separate microcapsule diameters were measured to obtain the size distribution. A 
field emission environmental SEM (Philips XL30 ESEM-FEG) was used to image the 
fracture surfaces of specimens and microcapsules under high magnification. Fracture 
surfaces of interest were sputter-coated with ca. 30 nm thick layer of gold-palladium 
before imaging. TGA was performed on a Mettler-Toledo TGA851® under nitrogen flow 
and a heating rate of 10 °C/min.  
5.1.5. Characterization of Glass Transition Temperature 
     Dynamic mechanical analysis (DMA) was performed on samples cured with various 
cure conditions to obtain the Tg following ASTM standard D5023-07 [138]. The samples 
were loaded into a DMA (TA Instrument RSA III) in 3-point bending with a span of 25 
mm.  The temperature of the sample was ramped from 20 °C to 255 °C at a rate of 5 
°C/min. The Tg is based on the peak in the tangent of the phase angle. 
5.1.6. Characterization of Volume Losses of Core Contents 
     Assuming the thickness of the microcapsule shell wall is thin and negligible, the 
volume loss of the core contents can be calculated using the relationship: 
Vvoid
Vcapsule
= DvoidDcapsule
!
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3
,                                                 (5.2) 
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where  Vvoid  and Vcapsule  are volume of void and capsule, respectively. Dvoid  and Dcapsule  
are optically measured diameter of void and capsule, respectively. 
5.2. Amine and Epoxy Microcapsules 
     Amine microcapsules containing polyoxypropylenetriamine (EPIKURE 3233) with a 
mean diameter of 111 ± 3 !m, as shown in Figure 5.1a, were prepared following the 
method established in previous chapter. Polyoxypropylenetriamine is a trifunctional 
primary amine curing agent, with the chemical structure shown in Figure 5.1b, which has 
moderate reactivity at room temperature. The thermal stability of amine capsules as 
characterized by TGA shows good thermal stability, as indicated by the first transition 
point at ca. 200 °C (Figure 5.2a). Initially, TGA analyses of neat EPIKURE 3233 and 
amine capsules shows a very similar weight loss traces. However, the TGA trace for 
amine capsules differed from that of pure amine beyond 260 °C. This deviation is likely 
due to the reaction of amino groups (R-NH2) from the amine core and formaldehyde 
(CH2O) liberated from the decomposition of poly(urea-formaldehyde) shell wall [139]. 
The reactions leading to synthesis of poly(urea-formaldehyde) are reversible. It has been 
proven that formaldehyde emits from poly(urea-formaldehyde) resin over time [139]. 
Poly(urea-formaldehyde) shell wall decomposed at 250 °C in the TGA analysis, 
liberating formaldehyde. Contact between free amino groups (R-NH2) and CH2O lead to 
methylolation reactions, followed by condensation reactions to produce higher molecular 
weight polymer that is very thermally stable [139, 140]. This newly synthesized polymer 
is believed to lead the improved thermal stability in the TGA trace for amine capsules.  
     Epoxy microcapsules (average diameter of 123 ± 34 !m) were prepared using a 
diluted bisphenol-A based epoxy resin (EPON 813) with polyurethane (PU) - poly(urea
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formaldehyde) (UF) double shell wall method developed by Caruso et al. [129], as shown 
in Figure 5.1a. EPON 813 is a low viscosity (5 - 7 poise at 25 °C) system consisting of 
EPON 828 epoxy resin diluted with 26 % o-cresyl glycidyl ether (CGE), the chemical 
structures are shown in Figure 5.1c.  
(a)    
(b)    
(c)  
Figure 5.1. (a) Optical image of epoxy microcapsules and amine microcapsules. Chemical structures of (a) 
EPIKURE 3233 curing agent, and (c) EPON 828 and reactive diluent o-cresyl glycidyl ether.    
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 (a)  (b)  
               
Figure 5.2. TGA traces of (a) hollow microcapsules, amine microcapsules, as-received versions core 
contents, formaldehyde and mixture of amine core and formaldehyde (2:1 by weight), and (b) epoxy 
microcapsules and as-received versions core contents. 
 
5.3. Host Epoxy Matrix 
     A high performance epoxy system, Araldite/Aradur 8615, was used as the matrix 
material in this study. High Tg can be obtained by applying various curing conditions at 
elevated temperature, as shown in Table 5.1. 
Table 5.1. Summary of glass transition temperatures of 8615 epoxy cured at various conditions. All 
samples were pre-cured overnight at room temperature. 
Cure conditions Curing degree 
(%) 
Tg of neat epoxy 
(°C) 
Tg of epoxy with 
capsules (°C) 
6h50°C+6h121°C 100 152 152 
6h50°C+6h150°C 100 187 189 
6h50°C+2h121°C+2h177°C 100 212 213 
 
5.4. Healing Assessment  
5.4.1. Effect of Ratio of Amine to Epoxy Capsules 
     A short groove TDCB specimen was utilized to measure the healing efficiency [121]. 
Given the importance of stoichiometric ratio, initially we investigated the healing 
performance of TDCB samples cured at various conditions (as shown in Table 5.1), in 
which the ratio of epoxy to amine capsules was varied while holding the total capsule 
concentration constant at 10 wt%. To prepare TDCB specimens, both types of 
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microcapsules at various ratios were mixed with Arldite/Aradur 8615 epoxy and then 
poured into the center region where the crack propagated upon loading. The healing 
efficiency was defined by the ratio of healed to virgin fracture toughness [30]. For 
specimens cured at 50 °C for 6 h followed by 121 °C for 6 h, the highest average healing 
efficiency (89 ± 13%) was obtained at a mass ratio of 5:5 for amine:epoxy capsules as 
shown in Figure 5.3. Because the mean diameters of both capsule types were similar, the 
volumetric ratio of healing agents directly correlated to the capsule weight ratio [136]. 
The ratio deviated from the stoichiometric ratio of EPIKURE 3233 to EPON 813 (4.3:10) 
indicating some of the amine core material may have been lost during specimen 
preparation. The healed fracture plane of a self-healing specimen was inspected using 
SEM. The fracture plane reveals significant texture of healed materials (as shown in 
Figure 5.4a), indicative of in situ formation of epoxy and excellent bond strength to the 
host epoxy matrix. Most importantly, this autonomic reaction leads to the high recovery 
of the virgin fracture toughness of an epoxy subjected to high temperature curing (121 
°C, 6 h) with a Tg of ca. 152 °C, a significant advancement from previous self-healing 
polymers.    
     Healing performance for samples cured at higher temperatures were also conducted, 
as shown in Figure 5.3. For samples cured at 50 °C for 6 h followed by 150 °C for 6 h, 
the highest average healing efficiency (84 ± 7 %) was obtained at a mass ratio of 5:5 for 
amine:epoxy capsules, the same as those cured at 121 °C, but with a less pronounced 
healing efficiency peak. The healing efficiency for samples cured at 50 °C for 6 h 
followed by 121 °C then 177 °C for 3 h peaked at 4:6 with 61 ± 9 %, and then vanished 
beyond 5:5, which indicated more epoxy was needed to react with the amine to form a 
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Figure 5.3. Effect of amine:epoxy capsule weight ratio at a constant 10 wt% total capsule concentration for 
specimens cured at various conditions. (a) Virgin fracture toughness. (b) Healed fracture toughness. (c) 
Healing efficiency. 
 
strong healing bond. This may be due to the increase of epoxy viscosity resulting in a 
poor healing agent mixing in the crack plane. These are encouraging results as self-
healing was accomplished within a high temperature cured epoxy. Moreover, the addition 
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of microcapsules did not have a deleterious effect on Tg (as shown in Table 5.1), an 
important thermal property for high performance structural composite materials.  
 
Figure 5.4. SEM image of a healed fracture surface from a self-healing specimen containing 5 wt% amine 
capsules and 5 wt% epoxy capsules cured at 121 °C.  
 
5.4.2. Control Tests 
     In separate experiments neat epoxy specimens (Control I) cured at 121 °C were healed 
by injection of ca. 0.8 µL of pre-mixed EPIKURE 3233 and EPON 813 at a 
stoichiometric ratio of 4.3:10. This quantity of healing agent was approximately 
equivalent to the total volume of healing agent released from 10 wt% capsules during a 
self-healing fracture test [136]. An average healing efficiency of 153 ± 7% was measured 
although substantial crack deviation occurred [32, 33, 35], indicating that the mechanical 
recovery provided by this healing agent system is excellent. Two other controls were 
tested in which only 10 wt% epoxy capsules were used (Control II) or only 10 wt% 
amine capsules (Control III). Both sets of controls were tested following the same 
protocol as self-healing tests. No healing occurred for either case, indicating that the 
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healing for self-healing specimens is only due to the reaction of epoxy and amine 
released from their respective capsules. 
5.4.3. Effect of Healing Time 
     Considering the moderate reactivity of polyoxypropylenetriamine, the influence of 
healing time on the healing efficiency was investigated using a set of self-healing 
samples cured at 121 °C. As shown in Figure 5.5, ca. 47% healing efficiency was 
measured after one day, and then reached a plateau of ca. 85% after two days, suggesting 
two days healing at room temperature was sufficient for healing performance evaluation. 
Therefore, the healing efficiencies reported were measured after waiting two days 
following the virgin tests in all the following studies. 
 
Figure 5.5. Effect of time on the healing efficiency for samples cured at 121 °C containing 5 wt% amine 
capsules and 5 wt% epoxy capsules. 
 
5.4.4. Long-Term Stability 
    The stability of the self-healing system over time at ambient conditions was also 
investigated. Self-healing specimens containing 5 wt% amine capsules and 5 wt% epoxy 
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capsules were manufactured and cured at 121 °C and then aged at ambient conditions for 
various times before testing. The fracture test results are plotted in Figure 5.6, showing 
little change in healing efficiency after aging for six months, indicating excellent stability 
of the healing system within a fully cured epoxy matrix under ambient conditions. These 
results are a significant advancement from previous studies for solvent-based healing [33, 
66], in which healing efficiency decreased significantly after one month and vanished 
after eight months due to lack of residual functional groups [137]. 
 
Figure 5.6. Long-term stability of self-healing samples containing 5 wt% amine capsules and 5 wt% epoxy 
capsules cured at 121 °C and exposed to ambient conditions for various times before fracture testing.  
 
5.4.5. Effect of Capsule Total Concentrations  
     With the optimal ratio of epoxy to amine capsules established, a set of experiments 
was performed to examine the effect of total capsule concentration on healing 
performance for samples cured at 121 °C (results shown in Figure 5.7). Healing 
efficiency increased as the total capsule concentration increased until the maximum was 
obtained at 10 wt% capsule loading and then it began to decrease due to reduced area for 
bonding as indicated in Figure 5.8a and b. 
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Figure 5.7. Effect of total microcapsule concentration at a constant 5:5 weight ratio of amine:epoxy 
capsules on samples cured at 121 °C. 
 
 
     However, negligible improvement of virgin fracture toughness was observed for self-
healing epoxy with the addition of microcapsules, which is inconsistent with results 
observed for other self-healing polymers such as low temperature cured epoxy [121], 
vinyl ester [55], and PDMS [32]. Two operative toughening mechanisms have been 
identified for embedded microcapsules, namely crack pinning and localized plastic 
deformation [121]. Crack tails or steps, which are typical features of crack pinning, are 
indeed observed in the present self-healing epoxy system upon inspection of fracture 
surfaces (Figure 5.8). However, the very high crosslink density of current epoxy 
restricted the localized shear deformation usually induced by stress concentration of 
microcapsules thus leading to no benefit in fracture toughness [141-143]. 
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     (a)       (b)  
 
Figure 5.8. Unhealed fracture surface (rinsed with ethanol immediately after fracture) of sample: (a) 
containing 10 wt% total capsules concentration, and (b) containing 20 wt% total capsules concentration. 
Both cases had a constant 5:5 weight ratio of amine:epoxy capsules, and were cured at 121°C. 
 
     Fracture tests on specimens cured at 50 °C for 6 h followed by 93 °C for 6 h were also 
performed to obtain evidence for the above hypothesis. The epoxy treated with these 
conditions were only 95% cured, with a Tg of 125 °C and lower crosslink density 
compared to samples cured at higher temperatures. As shown in Figure 5.9, for neat 
epoxy specimens, the fracture toughness only slightly decreased with the increase of 
curing temperature. However, in samples containing 5 wt% amine capsules and 5 wt% 
epoxy capsules, the under-cured specimens (93 °C curing) were toughened by ca. 24%, 
while the toughening effect decreased to only ca. 8% for samples cured at 121 °C and 
vanished for samples cured at 150 °C and 177 °C. These observations suggest that the 
crosslink density of the matrix has significant influence on the toughening effect of 
microcapsules. As the crosslink density of the matrix increases, the toughening effect of 
microcapsules on epoxy decrease because the localized plastic deformation becomes 
restricted and crack pinning becomes the major energy dissipating process [141-143]. 
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Figure 5.9. Fracture toughness of neat TDCB and TDCB specimens containing 5wt% amine capsules and 
5wt% epoxy capsules cured at various conditions. 
 
5.5. Diffusion of Core Contents 
 
     To investigate the effect of heat treatment on the diffusion of core materials, 
microcapsules were mixed into 8615 epoxy and placed between two glass slides and 
observed with optical microscopy. Index refraction mismatch revealed that core contents 
leaked out of the capsules and diffused into the matrix following 121 °C curing 
conditions (Figure 5.10). The volume loss of core contents as a function of curing time at 
various curing conditions is shown in Figure 5.11. In general, voids formed and enlarged 
due to diffusion of core materials for both types of capsules as the curing temperature 
increased. Amine capsule core contents started to diffuse after 6 h at 50 °C (Figure 
5.11a). The volume loss of amine core contents quickly increased from ca. 1.3% to ca. 
6.9% after the first 2 hours at 121 °C and then increased steadily to 7.8% after 6 hours. 
Most importantly, ca. 91.2% of the amine core contents were preserved after the 121 °C 
! )"!
temperature conditions, a significant improvement from the previous amine-epoxy 
healing system,14 in which the majority of the amine diffused out of the capsule after 
post-cure at elevated temperature. For epoxy capsules, no diffusion occurred at 50 °C, 
possibly due to the larger molecular structures of the core materials and/or the double 
shell walls providing better protection from diffusion. Further treatment at 121 °C led to 
ca. 6.3% loss of the epoxy core contents, as shown in Figure 5.11a. Similar to amine 
capsules, epoxy core contents continued diffusing gradually beyond the first 2 hours at 
121 °C, leaving ca. 93.7% core contents in the epoxy capsule after 6 hours at 121 °C.  
 
Figure 5.10. Optical images of microcapsules in 8615 epoxy during curing. (a) Immediately after mixing. 
(b) After 6 h at 50 °C. (c) After 6 h at 121 °C. Enlargement of voids in capsules indicates loss of core 
contents. 
 
    Diffusion of core contents following higher temperature 150 °C and 177 °C curing 
conditions were also examined. As shown in Figure 5.11b&c, higher exposure 
temperature caused additional loss of core contents for both types of capsules. The rate of 
diffusion at a certain temperature increased as the temperature increased. These results 
indicate that both the temperature and time of exposure significantly affect the diffusion 
rate of the core contents for both types of capsules. The loss of core contents from the 
amine capsules would lead to insufficient hardener for a healing reaction, while the loss 
of core contents from the epoxy capsules would increase the viscosity of the epoxy resin, 
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and therefore diminish mixing of two types of healing agents in the crack plane, resulting 
in poorer healing performance. As a result, the healing efficiencies decreased as the 
curing temperatures increased. Table 5.2 contains the final loss of the each type of 
capsules after various curing conditions. Further improvements in encapsulation may lead 
to more thermally stable capsules, resulting in enhanced healing performance at elevated 
temperatures. 
5.6. Summary 
    A dual-microcapsule self-healing system for high temperature cured epoxy was 
developed using epoxy resin capsules containing EPON 813 and amine capsules 
containing EPIKURE 3233. The optimal ratio was determined to be 1:1 amine:epoxy 
capsules yielding an average healing efficiency of 89 ± 13% for self-healing samples 
cured at 121 °C for 6 h containing 5 wt% amine capsules and 5 wt% epoxy capsules. The 
epoxy cured at these conditions possesses a glass transition temperature of 153 °C. 
Ambient aging studies showed encouraging long-term stability for a time period up to six 
months. Self-healing samples cured at 150 °C for 6 h and 177 °C for 3 h demonstrated 
healing efficiencies of 84 ± 7 % and 61 ± 9 %, respectively. This reduction of healing 
efficiency was attributed to diffusion of core contents from both types of capsules at 
elevated temperature.  
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 (a)  
(b)  
(c)  
Figure 5.11. Core contents volume loss as a function of curing time for amine and epoxy resin capsules 
during curing conditions of (a) 6h/50°C + 6h/121°C, (b) 6h/50°C + 6h/150°C and (c) 6h/50°C + 2h/121°C 
+ 3h/177°C. 
 
Table 5.2. Volume loss of core contents of both types capsules after various curing conditions. 
Curing conditions Volume loss of core contents after curing (%) 
Amine capsules Epoxy capsules 
6h50°C+6h121°C 8 ± 2 6 ± 1 
6h50°C+6h150°C 12 ± 4 10 ± 2 
6h50°C+2h121°C+2h177°C 17 ± 4 13 ± 1 
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Chapter 6  
High Temperature Cured Composites 
with Self-Sealing Functionality 
 
       
      Previously, a high temperature cured composite with self-sealing functionality using a 
dual-microcapsule healing system using PDMS healing chemistry was demonstrated [87, 
144]. However, a severe degradation of the interlaminar shear strength was measured, 
which was attributed to the poor distribution of microcapsules in the epoxy-rich regions. 
To alleviate this problem, an improved composite system using the PDMS healing 
system is examined in this chapter.  Healing efficiency was assessed using an established 
protocol [145] and 100% healing efficiency is achieved by incorporating 7.5 wt% 
monomer microcapsules and 0.75 wt% catalyst microcapsules The effect of 
microcapsules on mechanical properties is characterized, including interlaminar shear 
strength (ILSS), tensile and compressive strength/modulus. The degradation of ILSS is 
mitigated due to a better dispersion of microcapsules in the epoxy-rich regions. In 
addition, tensile and compressive properties are only slightly decreased due to the 
incorporation of microcapsules. 
6.1. Experimental Section 
6.1.1. Materials    
      Core materials, including hydroxyl end-functionalized polydimethylsiloxane (S21 
HOPDMS) and polydiethoxysiloxane (PDES) as well as dibutyltin dilaurate (DBTL) 
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catalyst, were obtained from Gelest and used as received.  Urea, formic acid, gum arabic, 
hexylacetate, heptane, and Formalin (37 % formaldehyde in water) were obtained from 
Sigma-Aldrich (Saint Louis, MO). Desmodur L75 polyurethane prepolymer was 
purchased from Bayer and used as received. Ethylene-maleic anhydride (EMA) 
copolymer (Zema-400) powder with average Mw = 400 kDa was received from Zeeland 
Chemicals and used in a 2.5 wt% deionized water solution. A high temperature cured 
epoxy system (Araldite/Aradur 8605) was received from Huntsman Advanced Materials. 
Fiberglass reinforcement of the composite samples, 8-harness satin weave E-glass (Style 
7781), was purchase from Fibre Glast. 
6.1.2. Synthesis of Microcapsules  
     The microcapsules containing HOPDMS and PDES (53:47 by weight) were produced 
using an emulsion in situ polymerization as described by Mangun et al. [37].  
HOPDMS/PDES microcapsules with a urea formaldehyde shell wall were produced with 
an agitation rate of 1500 rpm. In order to obtain the desired size distribution, the capsules 
were sieved. However, standard dry sieving is not applicable because the capsules tend to 
agglomerate and also adhere to the sieve walls due to static charges. Thus to facilitate the 
sieving, a wet process was employed. After drying the capsules at room temperature to 
remove water, HOPDMS/PDES capsules were mixed into heptane and poured into sieves 
between 38-75 !m yielding an average diameter of 35 ± 17 !m. Representative 
histograms for each agitation rate and a SEM image of HOPDMS/PDES microcapsules 
are presented in Figure 6.1.  
! )'!
(a)  (b)  
Figure 6.1. Characterization of HOPDMS/PDES made with 1500RPM. (a) Optical image of 
HOPDMS/PDES capsules. (b) Histogram of HOPDMS/PDES capsules sieved between 38-75 µm. 
 
     The catalyst microcapsules containing a 50:50 mixture of dibutyltin dilaurate (DBTL) 
and hexylacetate (as a carrier solvent) were manufactured using an oil-in-water emulsion 
interfacial polymerization similar to the one described by Mangun et al. [37] with some 
minor modifications, as shown in Figure 6.2a. In a 600 mL beaker, 2.5 g gum arabic was 
dissolved in 100 mL deionized water under agitation at 1200 rpm. In a separate container 
10 g hexylacetate and 10 g DBTL were mixed with 2.5 g Desmodur L75 polyurethane 
prepolymer and then added to the gum arabic solution at 60 ºC. This solution was 
agitated at 1100 rpm for 1 hour before adding 200 mL deionized water. Excess surfactant 
was eliminated from the aqueous capsule solution by centrifuging four times for 10 
minutes at 1500 rpm, discarding the supernatant and replacing with deionized water after 
each cycle. Finally, the solution was filtered and dried in air for two days (Figure 6.2b). 
Microcapsules with a polyurethane shell wall were produced with 23 ± 16 !m average 
diameter. Representative histograms of the size distribution for DBTL/hexylacetate 
microcapsules used in this work are shown in Figure 6.2c.  
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(a)  
(b)     (c)  
Figure 6.2. Protocol and characterization of DBTL catalyst microcapsules. (a) Microencapsulation protocol 
for synthesis of DBTL/hexylacetate catalyst capsules. (b) Optical image and (c) histogram of catalyst 
capsules. 
6.1.3. Sample Types and Preparation 
     Three types of samples were fabricated for this study with the components of each 
summarized in Table 6.1. Control type I (Neat) samples were comprised of epoxy resin 
and E-glass reinforcement (no microcapsules).  Control type II samples contained not 
only the epoxy resin and E-glass reinforcement, but also HOPDMS/PDES microcapsules. 
Self-healing samples were composed of epoxy resin, E-glass reinforcement, 
HOPDMS/PDES microcapsules as well as DBTL/hexylacetate catalyst microcapsules. 
Control type II samples provided evidence that the healing functionality in self-healing 
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samples was due to the polymerization of the PDMS resin. In addition, these samples 
were designed to mimic the mechanical behavior of self-healing samples.  
Table 6.1. Summary of sample types and components. 
 Epoxy 
Resin 
Glass 
Fabric 
HOPDMS/PDES 
capsules (wt%) 
DBTL/hexylacetate 
capsules (wt%) 
Control type I (Neat) ✓ ✓ 0 0 
Control types II ✓ ✓ 7.5 0 
Self-healing ✓ ✓ 7.5 0.75 
 
     Composite panels (275 mm × 95 mm) were manufactured using Araldite/Aradur 
8605 epoxy system as the matrix and 8 harness satin weave E-glass as the reinforcement. 
For control type II and self-healing panels, the microcapsules were mixed into the epoxy 
resin followed by 15 minutes of degassing. An established wet layup procedure [144] was 
employed with the plies sequenced (0,90,0)s, where 0 represents the warp direction. A 
schematic of the layup mold components are shown in Figure 6.3. A Teflon plate was 
placed underneath to create a smooth surface finish from which the sample could be 
easily removed.  The composite sample was laid up layer by layer with liquid epoxy resin 
wetting out each ply.  The composite thickness between 1.92 mm – 2.03 mm was 
obtained by using 2 mm thick steel plates as spacers (as shown in Figure 6.3). A porous 
steel plate was placed on top allowing resin to flow through into bleeder cloths above. As 
pressure was applied, the sample compacted until the porous plate came into contact with 
the steel spacers, thus dictating the sample thickness and fiber volume fraction (ca. 0.38). 
The entire layup was cured in a hot press under 34 kPa at 50 °C for 6 hours followed by 
121°C for 8 hours.    
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Figure 6.3. Schematic of composite sample layup components [144]. 
6.1.4. Sample Characterization 
     In order to inspect the microcapsule distribution, composite samples were sectioned 
and mounted in a fixture and polished with 320, 600, 800, and 1200 grit silicon carbide 
sandpaper on a polishing wheel (Buehler Ecomet 3) with an automated polishing head. A 
final polishing was done with 50 nm gamma-alumina in water slurry on a Mastertex cloth 
pad. The polishing conditions are summarized in Table 6.2. 
Table 6.2. Summary of polishing conditions for composite cross-sections. 
Grit Rotational 
Speed (rpm) 
Force 
Grade 
Duration 
Time (min) 
320 50 2 5 
600 50 2 5 
800 100 3 10 
1200 120 3 15 
50 nm Al2O3 120 3 3%10 
     
 To characterize the post-process quality of composite samples, Xradia microCT 
(MicroXCT-200) was employed to detect any defects, e.g. voids, in the composite 
samples. A sample with dimensions of 20%20%2mm was prepared and a small portion 
was scanned with X-ray in the microCT. Three types of samples were scanned: 
undamaged neat, damaged neat and damaged self-healing samples.  
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6.1.5. Healing Assessment  
     To evaluate sealing performance, composite panels were first sectioned into smaller 
ca. 45 mm x 45 mm samples. Mechanical damage was then introduced by cyclically 
driving an indenter tip into the sample 10 times per side to a maximum load of 670 N, as 
shown in Figure 6.4a. The complete details of this damage protocol are outlined in Moll 
et al [145]. After damaging the samples, they were allowed to heal at room temperature 
for 24 hours before leak testing. Healed samples were placed in a pressure cell apparatus 
[145] and pressurized nitrogen gas (276 kPa) was applied to one side of the sample while 
monitoring the pressure on the other side for at least 10 minutes (Figure 6.4b). A sample 
was considered fully healed if the output pressure did not increase by more than 70 Pa 
over the entire test, e.g. 10 minutes.  
 
Figure 6.4. Schematic of (a) indentation apparatus to induce controlled damage in composite laminates, b) 
pressure cell set-up for sealing evaluation [145]. 
 
     The damage introduced by this method has been observed to be more severe than that 
induced by thermal fatigue in composite materials by Moll [87], as shown in Figure 6.5. 
Thus, indentation damage represents a more extreme test case in self-healing structural 
composites. 
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Figure 6.5. Cross-sectional optical images of (a) a control type II sample containing 7.5 wt% 25 µm 
HOPDMS/PDES microcapsules showing the severe crack damage introduced by indentation [87], (b) a 
control type I sample and (c) a control type II sample containing microcracks induced by thermal cycling 
[87]. 
6.1.6. Mechanical Testing 
     Short beam shear experiments were performed on samples approximately 4 mm x 25 
mm. Prior to testing, the samples were conditioned for at least 2 days at 23 °C and 50% 
relative humidity.  Short beam shear tests were performed according to the ASTM 
standard D2344 [79, 145, 146].  Samples were loaded in 3-point bending at a rate of 1 
mm/min with 8 mm span between bottom supports, as shown in Figure 6.6.  The load 
anddisplacement data were recorded and the short beam strength, Fsbs, was calculated 
from: 
                                                  (6.1) 
where Pm is the peak load, b is the sample width, and h is the thickness. 
0.75sbs mPF
b h
= !
!
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Figure 6.6. Image of composite sample in 3-point bending fixture. 
 
     Tension and compression tests were performed to assess the mechanical properties, i.e. 
tensile strength/modulus and compressive strength/modulus, following ASTM D3039 
[147] and ASTM D3410 [148], respectively. Samples with dimensions of 2%25%200 mm 
(for tension tests) and 2%25%96 mm (for compression tests) were cut from the composite 
panel (see Table B1 in Appendix B for more details). Prior to testing, aluminum tabs 
were attached to both ends of each specimen with a room temperature cured epoxy. A set 
of well-aligned hydraulic grips was utilized with a constant gripping pressure of 2.5 MPa, 
as shown in Figure 6.7. A loading rate of 2 mm/min was used for all experiments. Peak 
load was measured and used to determine the tensile strength, while the tensile modulus 
was calculated from,!
E = !! / !"                                                                (6.2) 
where !!  and !!  are the change in stress and strain between 0.001 and 0.003 strain. 
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(a)                  (b)  
Figure 6.7. Image of (a) load frame equipped with hydraulic grips (b) composite that failed under tension 
in the center region.  
 
6.2. Results and Discussion 
6.2.1. MicroCT and Optical Microscopy 
     Figure 6.8a shows a representative tomogram of an undamaged neat sample with a 
resolution of 4 µm/voxel. No detectable defects were observed in either the epoxy-rich 
region or the fiber tows. In contrast, a microCT tomogram of a neat sample with 670N 
indentation damage is shown in Figure 6.8b, in which damage was clearly observed 
throughout the sample. Figure 6.8c shows the tomogram of a damaged self-healing 
sample. Both the damage and microcapsules can be clearly observed. Voids or 
delaminations, which are usually on the order of 50-100 µm, were not observed in any of 
the tomograms that were collected for these three types of samples, thus indicating the 
high quality of the fabricated composite panels.   
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Figure 6.8. MicroCT tomograms of (a) undamaged neat sample, (b) damaged neat sample, and (c) 
damaged self-healing sample. 
 
     To confirm the observation of features in microCT tomograms, optical cross-sectional 
micrographs of a neat composite sample were also taken (comparison shown in Figure 
B1 in Appendix B). The same damage features were found by both imaging methods (as 
highlighted in red ellipse), confirming the validity of microCT. Figure 6.9 shows 
additional cross-sectional images of both neat and self-healing samples, from which no 
defects were observed. Therefore, both non-destructive and destructive methods confirm 
the high quality of the composite panels.  
(a)      (b)  
Figure 6.9. Optical cross-sectional images of (a) neat sample and (b) self-healing sample. 
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6.2.2. Self-Sealing Performance 
     Figure 6.10a shows a typical pressure evolution for damaged neat and damaged self-
healing after 24 hour at room temperature. Figure 6.10b shows the healing performance 
for three types of samples. All of the nine self-healing samples sealed after the 
indentation damage, resulting in 100% sealing performance. Control type I (neat) 
samples exhibit 10% sealing which is likely due to insufficient damage to cause an 
interpenetrating crack network to allow leakage. The sealing efficiency for control type II 
was only 22%, which is largely attributed to viscous core materials released from 
capsules after damage. Nevertheless, the stark contrast in performance indicates that the 
polymerization of PDMS in the crack plane is responsible for complete sealing in the 
self-healing composites.  
(a)  (b)  
Figure 6.10. (a) Pressure evolution for representative damaged neat and self-healing samples, (b) sealing 
performance of control type I, control type II and self-healing samples. 
 
6.2.3. Effect of Microcapsules on Mechanical Properties  
     The effect of microcapsules on the interlaminar shear strength (ILSS) using short 
beam test was investigated. The representative loading curves are shown in Figure 6.11a. 
As shown in Figure 6.11b, the ILSS for self-healing samples containing 7.5 wt% 
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HOPDMS/PDES capsules and 0.75 wt% DBTL capsules is 14.3% lower when compared 
to neat samples. This degradation is expected since the concentration of microcapsules in 
the epoxy-rich region is fairly high, as shown in Figure 6.9b. However, the degradation of 
ILSS has been mitigated when compared with a previous study [144], here a more severe 
degradation (ca. 27% drop) was observed in composites consisting of EPON 
862/EPIKURE W epoxy system. The reason was traced to a poor dispersion of 
HOPDMS/PDES capsules in 862/W epoxy than in the current epoxy. In contrast to the 
capsule distribution shown in Figure 6.9b, severe agglomeration of microcapsules was 
observed in the epoxy-rich region of 862/W composites as shown in Figure B2.   
(a)  (b)  
Figure 6.11. Characterization of ILSS for neat and self-healing samples. (a) Representative ILSS vs. 
displacement curve, (b) ILSS for neat and self-healing samples. 
 
    Figure 6.12 shows a representative stress-strain curve for a tensile test. The tensile 
strength was determined by the stress-to-failure while the tensile chord modulus was 
calculated using Eq. 6.1 with initial strain from 0.1% - 0.3%. Similar procedures were 
applied to determine the compressive properties. Although these are straightforward 
testing methods, severe perturbations (bending and shear) would occur without careful 
consideration of sample dimensions and gripping conditions, which most likely introduce 
stress concentrations near the tabs resulting in premature failure [149, 150]. With these in 
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mind, aluminum tabs were bonded onto the composite samples using a 5-minute epoxy 
(Devcon) [150]. In all tests, samples failed at the center or at regions far away from the 
tabs to still yield usable data, as shown Figure B3.  
     The tensile and compressive results are summarized in Table 6.3. Incorporation of 
microcapsules slightly degraded the mechanical properties, possibly due to an excessive 
amount of microcapsules present in the epoxy-rich region. However, the self-sealing 
functionality can be beneficial to a sandwich face sheet to prevent moisture ingress for 
example, in which case the composite would be a secondary load-bearing structure. The 
compressive strengths for both neat and self-healing samples are lower than the 
corresponding tensile strengths. This was due to delamination failure of the samples in 
compressive tests, which significantly reduced the strength of the samples [128, 151].  
 
Figure 6.12. Representative stress vs. strain curves for a tension test. 
 
Table 6.3. Summary of mechanical properties. 
Sample 
Type 
Strength (MPa) Modulus (GPa) 
Tensile Compressive Tensile Compressive 
Neat 314±44 272±34 17.0±0.8 18.7±1.4 
Self- healing 297±7 230±14 15.3±0.5 18.0±2.3 
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6.3. Summary 
     A self-healing composite with self-sealing functionality was demonstrated in 
laminates cured at elevated temperature (120 °C) to achieve high Tg (= 128 °C). A 
capsule-based healing system based on PDMS chemistry, suitable for use in high 
temperature cured epoxy, was employed. Healing efficiency of 100% was achieved by 
incorporating 7.5 wt% 35 !m HOPDMS/PDES microcapsules and 0.75 wt% 23 !m 
DBTL catalyst microcapsules. Both neat and self-healing samples were examined using 
both microCT and optical imaging methods to demonstrate the high quality of fabricated 
composites. Mechanical properties assessments were performed to measure the effect of 
microcapsules on the interlaminar shear strength (ILSS), tensile and compressive 
strength/modulus. A decrease of 14% in ILSS was measured for self-healing samples due 
to the high concentration of microcapsules in the epoxy-rich regions. However, this 
degradation was improved over a previous system, in which case severe agglomeration of 
microcapsules occurred in composites consisted of EPON 862/EPIKURE W epoxy 
system. Slight decreases in tensile and compressive strength/modulus were observed in 
self-healing system, largely due to the high capsules loading in the composite.  
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Chapter 7  
Conclusions & Future Work 
 
7.1. Conclusions 
     In this work, the application of self-healing polymeric matrices was extended to the 
autonomic repair of epoxy adhesives. A self-healing epoxy adhesive has been firstly 
demonstrated by incorporating a two-part self-healing system of encapsulated 
dicyclopentadiene (DCPD) monomer and Grubbs’ first generation catalyst particles. The 
addition of both components to the neat resin epoxy increased the virgin fracture 
toughness by 26 % while SEM imaging of fracture surfaces reveals evidence of 
toughening through crack pinning. Recovery of quasi-static mode-I fracture toughness 
was assessed using width tapered double cantilever beam (WTDCB) test specimens. Self-
healing specimens recovered 56 % of the virgin fracture toughness. The fatigue response 
of self-healing specimens was also investigated at a maximum stress intensity factor of 
0.421 MPa•m1/2 and a stress intensity ratio of 0.1. The neat epoxy adhesive specimens 
failed within 62,000 cycles under these conditions while all self-healing samples 
exhibited complete crack arrest. 
     The same healing system was then introduced into a high-temperature cured rubber 
toughened structural adhesive, FM®73M. Healing efficiency based on the recovery of 
virgin fracture toughness ranged from 20 % to 58 % and increased with microcapsule 
concentration. Importantly, self-healing was demonstrated for an epoxy adhesive 
subjected to high temperature curing (110 °C, 3 h), an important technical advancement 
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in self-healing polymers. The addition of 117 µm average diameter microcapsules into ca. 
750 µm thick adhesives was shown to reduce the virgin fracture toughness, with this 
reduction increasing with microcapsule concentration. This reduction in toughness was 
traced to localization of the fracture to the center of the adhesive and a reduction in 
damage zone size. Virgin toughness was retained in a rubber toughened epoxy adhesive 
by dispersing microcapsules throughout the adhesive during synthesis.  
     With the interest to develop a self-healing system that is chemically and mechanically 
compatible with the host epoxy matrix, a dual-microcapsule self-healing system was 
developed using epoxy resin capsules containing EPON 815C and amine capsules 
containing EPIKURE 3274. The optimal ratio was determined to be 4:6 amine:epoxy 
capsules and an average healing efficiency of 91% was achieved for low temperature 
cured specimens containing 7 wt% amine capsules and 10.5 wt% epoxy capsules. 
Ambient aging studies showed promising healing retention for a time period up to six 
months with 68% the healing efficiency. Post- cure of self-healing specimens at 121 ºC 
for 1 h decreased healing efficiency from 85% to 46% and to 35% after 8 h. This 
reduction of healing efficiency was traced to the diffusion of amine from the capsules at 
elevated temperatures.  
     Following the aforementioned approach, a self-healing system for high-temperature 
cured epoxy was developed using epoxy resin capsules containing EPON 813 and amine 
capsules containing EPIKURE 3233. The optimal ratio was determined to be 1:1 
amine:epoxy capsules yielding an average healing efficiency of 89% for self-healing 
samples cured at 121 °C for 6 h containing 5 wt% amine capsules and 5 wt% epoxy 
capsules. The epoxy cured at these conditions possesses a glass transition temperature of 
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153 °C. Ambient aging studies showed encouraging long-term stability for a time period 
up to six months. Self-healing samples cured at 150 °C for 6 h and 177 °C for 3 h 
demonstrated healing efficiencies of 84 ± 7 % and 61 ± 9 %, respectively. This reduction 
of healing efficiency was attributed to diffusion of core contents from both types of 
capsules at elevated temperature. 
      A high-temperature cured glass/epoxy composite with self-sealing functionality was 
achieved by the incorporation of a thermally stable healing chemistry comprised of 
hydroxyl end-functionalized polydimethylsiloxane (HOPDMS) and cross-linking agent 
polydiethoxysiloxane (PDES) catalyzed by dibutyltin dilaurate (DBTL).  Encapsulated 
healing components (35 !m average diameter) were incorporated into the matrix rich 
regions of the sample during fabrication. Araldite/Aradur 8605 epoxy system was 
employed as the matrix material, which is a two-component, low-viscosity epoxy system 
developed for use in the production of advanced composites. The effect of microcapsule 
on the short beam shear strength, tensile and compressive properties was investigated. 
This matrix epoxy shows better compatibility with self-healing microcapsules, resulting 
in better dispersion of the microcapsules in the composites and, improved interlaminar 
shear strength. These composites achieved self-sealing at 100% efficiency of high Tg 
composite samples when 7.5 wt% 35 !m HOPDMS/PDES capsules and 26 !m 0.75 wt% 
DBTL catalyst capsules are dispersed in the matrix.  
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7.2 Future Work 
7.2.1. Self-healing Epoxy Adhesives       
     Self-healing epoxy adhesives have been conceptually demonstrated as a potential 
application for self-healing materials. However, some drawbacks of the DCPD/first 
generation Grubbs’ catalyst healing system, including catalyst cost, toxicity, reactivity, 
stability and low adhesion to polymer host matrix, limit its application beyond the initial 
concept demonstration. Further studies on self-healing adhesives should be focused on:  
1) Investigation and optimization of the effects of microcapsules size and 
concentration on mechanical and thermal properties, including fracture toughness, 
modulus, adhesion strength with various substrate materials, and glass transition 
temperature. 
2) Development of a stable and cost efficient healing system. 
     The rubber-toughened epoxy adhesive now is the most popular adhesive in industry 
due to the superior fracture toughness. In the development of self-healing adhesives using 
capsule-based systems, uniform distribution of microcapsules in the toughened adhesive 
is a fundamental and critical requirement. As demonstrated in Chapter 3, high retention 
or even improvement of fracture toughness was achieved by incorporating 6.6 wt% 
microcapsules into a lab-formulated rubber-toughened epoxy adhesive. Further 
optimization of size and concentration of microcapsules would lead to a synergistic 
toughening to the adhesive [130, 131]. Inspired by toughening by micro-voids in epoxy 
[152], replacement of the rubber particles with submicron capsules could also be 
implemented. Utilizing capsules on the same size scale as the rubber particles (0.1-0.5 
µm) would facilitate a homogeneous dispersion and methods have already been 
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developed to produce submicron capsules and disperse them in epoxy matrices to provide 
enhanced toughness [135]. However, the volume of healing agent delivered to the 
fracture plane scales linearly with capsule diameter [136] so that a minimum 
concentration (or size) is required for healing. The use of two size scales of capsules in 
toughened epoxy adhesives may satisfy both toughening and self-healing functionalities 
simultaneously. In this case, small capsules provide non-localized toughening and heal 
micro-scale cracks; while the larger capsules serve as reservoirs of healing agents for 
healing large-scale damage. Intriguingly, Bagheri et al. [131] provided some precedence 
for this concept with a study of CTBN rubber toughened epoxy in which both small (1 - 2 
µm) and large (ca. 70 µm) rubber particles were used. They observed a synergistic 
toughening effect with a blend of 3:1 small to large particle concentration at 10 pph. They 
found that small rubber particles enhance toughness through normal cavitation and shear 
yielding in the matrix, while the large rubber particles enhance toughness due to plastic 
zone branching (as shown in Figure 7.1). It is rational to expect the same type of 
synergistic toughening in a self-healing toughened adhesive system that contains a 
bimodal distribution of microcapsules. Patel et al. [128] demonstrated autonomic healing 
of impact damage in composites by employing dual-size DCPD microcapsules. Smaller 
microcapsules (ca. 35 !m) promote even distribution of microcapsules and infiltrate into 
narrow interlaminar regions, while larger microcapsules (ca. 125 !m) provide adequate 
delivery of DCPD healing agent to crack planes. 
     Following the established sample preparation protocol in Chapter 3, it would be very 
interesting to incorporate the 813/3233 epoxy-amine healing system into a rubber 
toughened epoxy adhesive. First of all, investigation of the curing time of the healing 
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system will be needed. The exposure time of microcapsules to elevated curing 
temperature must be minimized to mitigate the diffusion of core contents, while also 
achieving highly crosslinked density of the polymer matrix and desired mechanical and 
thermal properties (e.g. fracture toughness and glass transition temperature). The 
epoxy:amine microcapsules weight ratio will also be optimized in this particular epoxy 
matrix to achieve high healing efficiency. The concentration of total microcapsules 
should be maintained at a level at which both high healing efficiency and high virgin 
fracture toughness are achieved.   
 
Figure 7.1. Transmission optical micrograph (TOM) of crack tip damage zone in a CTBN rubber 
toughened epoxy in which both small (1 - 2 µm) and large (ca. 70 µm) rubber particles were used (Image 
reprinted from Bagheri et al. [131], with permission from John Wiley and Sons). 
 
7.2.2. Epoxy-Amine Healing System 
      An encapsulated epoxy-amine healing system is very likely the ideal system to 
achieve self-healing epoxy and composites. This system would be mechanically and 
chemically compatible with the epoxy host matrix materials, thereby providing high 
healing efficiency. However, the implementation of this type of healing system is 
difficult due to the challenges involved in encapsulating amine curing agents. The epoxy-
Use of Surface Modified Recycled Rubber Particles 
Fig. 5. Same as Fig. 4 but at higher magnijlcation. 
ber particles is caused by the hydrostatic stress field 
at the crack tip. This is essential for the relief of plane 
strain constraint and massive shear yielding of the 
matrix (9, 13, 15, 24). 
Figure 6a shows no evidence of shear deformation at 
the crack tip of R4200( 10). Instead, this Figure illus- 
trates crack path deflection caused by the large rub- 
ber particles (arrows show the path of the crack from 
Fig. 6. TOM micrographs taken from the midplane of the crack 
tip damage zone of [a) R4200[10), [b] CTBN[7.5]/R4200(2.5), 
and (c] CTBN(l0) materials. Crack growth direction is from left 
to right in these Figures. Arrows in (a) illustrate the crackpath 
deflection caused by R4200 particles. 
left to right). Additionally, this Figure shows limited 
microcracking in front of the crack tip. Higher magni- 
fication in Fig. 7 shows this more clearly. Crack de- 
flection and microcracking in this material are caused 
by the stress concentration effect of R4200 particles. 
As expected, these mechanisms are not as effective as 
massive shear yielding in a ductile epoxy matrix where 
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amine self-healing system discussed in Chapter 4 & 5, however, is not thermally robust 
enough as an ideal system due to the diffusion of core contents from embedded 
microcapsules when exposure to elevated temperature for curing. Even for epoxy 
microcapsules, significant loss of core materials occurred in the epoxy matrix during 
elevated temperature curing. Loss of core materials in amine capsules reduces the 
available curing agent for healing. The diffusion of core materials from epoxy capsules 
would significantly increase the viscosity of epoxy resin resulting in poor mixing of 
healing agents and therefore low healing efficiency. Significant improvement in the 
protection of both microcapsules will be required to prove healing efficiency. Additional 
challenges in the current epoxy-amine healing system are the relatively large size and low 
yield in production of amine capsules. The size of epoxy microcapsules can be facilely 
scaled down to several microns even sub-micron [135]. Currently, the amine capsule 
preparation method used in this work is limited to produce relatively large (ca. 100 !m) 
size.  
     To overcome the thermal stability problem, a secondary coating on the UF shell wall 
that can render improvement in thermal stability should be investigated. The process for 
applying the secondary coating should not damage the target microcapsules. Possible 
methods include atomic layer deposition (ALD) [153], chemical vapor deposition (CVD) 
[154] and fluidized bed [155-157].  Materials for the secondary coating should be highly 
dense, with low permeability, and have good adhesion to both microcapsules and host 
polymer matrix.  
    Alternative shell wall materials or encapsulation methods providing better stability 
and/or smaller diameter of capsules should be explored. For example, Xia and his group 
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developed a method for the encapsulation of various materials in micron size beads with 
polystyrene (PS) as wall materials [158, 159]. This method could be considered for the 
encapsulation of a liquid amine curing agents. Coaxial electrospinning method could also 
be considered for the preparation of submicron-sized amine microcapsules [160]. 
Another promising approach for amine encapsulation is the use of double or multiple 
emulsions formed in a microfluidic device [161, 162], drops of one kind of fluid are 
encapsulated inside drops of a second fluid. Microcapsules can be obtained by 
polymerizing the outer fluid [162, 163]. 
Figure 7.2. Alternative methods for encapsulation of amine curing agent. (a) Schematic illustration of 
procedure of using PS hollow bead for encapsulation (Image reprinted from Bai et al. [156], with 
permission from John Wiley and Sons). (b) SEM image of as-spun core–shell bead-on-string (Image 
reprinted from Part & Braun [160], with permission from John Wiley and Sons). (c) Illustration of coaxial 
microcapillary fluidic device and double emulsion containing one internal droplet (Image reprinted from 
Utada et al. [159], with permission from American Association for the Advancement of Science)   
 
 !
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APPENDIX A 
 
A. 1. Materials for Encapsulation 
     The polyurethane (PU) prepolymer, Desmodur L75, was purchased from Bayer 
MaterialScience and used as received. Dichloromethane (DCM), Urea, triethanolamine, 
formic acid and formalin (37 % formaldehyde in water) were obtained from Sigma-
Aldrich (Saint Louis, MO). Ethylene-maleic anhydride (EMA) copolymer powder 
(Zema-400) with average Mw = 400,000 was obtained from Zeeland Chemicals. 
Microcapsule fabrication was carried out in a beaker with 84 mm internal diameter. 
   
 
Figure A1. Microencapsulation protocol for synthesis of double-walled polyurethane (PU) - poly(UF) 
microcapsules. 
 
 
 
! "+)!
A. 2. Sample Preparation Procedure for Lab-formulated Epoxy Adhesives 
     To prepare the bonding surfaces for lab-formulated adhesives, steel adherends were 
manually sanded using 80 grit sandpaper followed by sandblasting with 180 mesh 
alumina. . The surfaces were cleaned with compressed air and acetone, followed by 
wiping using acetone to remove debris from the surface. Adherends were then rinsed with 
a 1 vol% silane coupling agent solution, dried at room temperature for 30 min, and cured 
in a 60°C oven for 1 h. Ten layers of 25-!m aluminum foil were then attached to both the 
beginning of tapered region and the end of the sample (see Figure A2) to control the 
thickness of the adhesive layer. 
     The materials used in the lab-formulated adhesives include EPON 828 resin, 
piperidine (from Sigma-Aldrich) and liquid rubber (Hycar® CTBN 1300 % 8). To prepare 
the epoxy adhesive, epoxy resin was mixed with 15 phr liquid rubber under 400 RPM 
mechanical agitation in a 65 °C water bath and then degassed for 15 min in a 80 °C oven. 
Piperidine (5 phr) was then added in to the mixture and degassed for 10 min in a 80 °C 
oven.  
     For capsule-containing samples, capsules were mixed into the epoxy resin after the 
addition of piperidine and the resin was degassed for several additional minutes. 
Considering the density difference between DCPD and epoxy resin, this mixture was pre-
cured at 120 °C for 1 h to increase resin viscosity and prevent floating from occurring 
during cure. The pre-cured mixture was then mixed briefly by hand before casting 
adhesive samples. Neat samples were also pre-cured for 1 h before casting for 
consistency. 
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     To prepare adhesive samples, the precured mixture was evenly spread across two pre-
heated adherend surfaces and a 25 !m thick fluoropolymer release ply was placed at the 
beginning of the tapered region of one of the adherends, extending approximately 5-10 
mm along the length of the specimen to serve as a pre-crack. The two adherends were 
then pressed together with clamps and the sample was cured an additional 6 h at 120 °C. 
 
 
Figure A2. Schematic of WTDCB specimen of lab-formulated adhesive containing uniformly dispersed 
DCPD microcapsules. 
 
     Table A1. summarizes the fracture toughness of lab-formulated epoxy adhesives 
containing various concentrations of DCPD-filled microcapsules. Moduli of adhesives 
were measured using dynamic mechanical analysis (DMA). 29.0 x 4.0 x 2.0 mm bars 
were loaded into a DMA (TA Instrument RSA III) in 3-point bending with a span of 25 
mm. 3 bars were used for each capsule concentration 
Table A1. Summary of fracture toughness, modulus and thickness of lab-formulated epoxy adhesives. 
Capsule 
Concentrations 
(wt%) 
No. of 
Specimen 
KIc 
(MPa • m1/2) 
Modulus 
(GPa) 
Adhesive Thickness 
("m) 
0 8 2.2 ± 0.3 2.20 ± 0.11 540 ± 43 
1.0 4 2.5 ± 0.2 2.12 ± 0.08 492 ± 30 
2.5 5 2.3 ± 0.1 2.14 ± 0.03 540 ± 17 
3.5 6 2.4 ± 0.1 2.00 ± 0.09 567±15 
5.0 7 2.3 ± 0.1 2.04 ± 0.04 535±37 
6.6 4 2.0 ± 0.1 1.92 ± 0.08 548±12 
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APPENDIX B 
 
Table B1. Sample parameters for tensile and compressive tests. 
Parameter Tension Compression 
Overall specimen length (mm) 200 96 
Specimen gauge length (mm) 124 20 
Specimen width (mm) 25 25 
Specimen thickness (mm) 2 2 
Tab length (mm) 38 38 
Tab thickness (mm) 3.8 3.8 
Loading rate (mm/min) 2 2 
 
 
Figure B1. Comparison of (a) microCT tomogram and (b) optical cross-sectional micrography of damaged 
neat samples.  
 
 
Figure B2. Optical image showing capsules agglomeration in epoxy-rich region of composites making of 
EPON 862/EPIKURE W epoxy. 
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Figure B3. Images of samples with acceptable failure modes of (a) neat samples and (b) SH7.5L samples 
in tensile tests (following ASTM D3039) and (c) neat samples and (d) self-healing samples in compressive 
tests. Delamination failure occurred in compressive tests (following ASTM D3410).  
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